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Abstrat
Measurement of Open Charm in 158 AGeV/ Pb-Au Collisions
This thesis presents a measurement of an upper limit for the open harm yield in
158 AGeV/ Pb-Au ollisions with the CERES spetrometer at 7% entrality. A se-
ondary partile reonstrution sheme, based on the reonstrution of the deay vertex,
is developed and tested using the deay K
0
S
! 
+

 
as a referene measurement. An
integrated K
0
S
rapidity density of dN=dy = 19:75 0:23 (stat) 1:70 (syst) is measured
in the rapidity region 2:0 < y < 2:6 and ompared to results from an alternative analysis
of the CERES data and results from the NA49 and NA57 ollaborations.
The analysis of the deay D
0
! K
+

 
requires areful study of the ombinatorial
bakground and resonanes ontributing to the invariant mass spetrum. An open harm
enhanement of more than a fator 22 an be exluded at 98% ondene level. The
enhanement is alulated with respet to the expeted open harm yield in nuleus-
nuleus ollisions of hD
0
i = 0:21 per event, obtained by saling the harm ross-setion
in proton-proton ollisions with the number of binary ollisions.
The rst part of this thesis is devoted to the development of a hit nding algorithm
for the CERES TPC. Furthermore, a detailed desription of the alibration of the TPC
is presented. A position resolution of 
r
 340 m and 
r
 640 m is ahieved with
the new alibration, with a momentum resolution of p=p = 5:4% at p = 5 GeV/, the
momentum region relevant for the D
0
meson.
Open Charm Analyse in 158 AGeV/ Pb-Au Kollisionen
Diese Doktorarbeit beinhaltet die Messung einer oberen Grenze fur die Produktionsrate
von Open Charm Mesonen in 158 AGeV/ Pb-Au Kollisionen mit dem CERES Spektro-
meter bei einer Zentralitat von 7%. Es wird die Entwiklung einer Rekonstruktionsme-
thode fur Sekundarteilhen vorgestellt, die auf der Rekonstruktion des Zerfallsvertex
beruht. Die Methode wird mit dem Zerfall K
0
S
! 
+

 
als Referenzmessung getestet.
Eine integrale Rapiditatsdihte von dN=dy = 19:75 0:23 (stat) 1:70 (syst) wird fur das
K
0
S
Meson im Rapiditatsbereih 2:0 < y < 2:6 gemessen und mit den Ergebnissen einer
alternativen CERES Messung und den Messungen der NA49 und NA57 Kollaborationen
verglihen.
Eine genaue Untersuhung des kombinatorishen Untergrundes und der Resonanzen,
die zusatzlih zu dem invarianten Massenspektrum beitragen, ist fur die Analyse des Zer-
fallsD
0
! K
+

 
unerlasslih. Eine vermehrte Open Charm Produktionrate von mehr als
einem Faktor 22 kann bei einem Kondenzniveau von 98% ausgeshlossen werden. Dieser
Faktor bezieht sih auf die in Kern-Kern Stoen erwartete Open Charm Produktionsrate
von hD
0
i = 0:21 pro Ereignis, die durh Skalierung des Charm Wirkungsquershnitts in
Proton-Proton Stoen mit der Anzahl der binaren Kollisionen gegeben ist.
Der erste Teil dieser Doktorabeit befasst sih mit der Entwiklung eines Algorithmus
zur Mustererkennung in der CERES TPC. Ferner wird eine detaillierte Beshreibung der
Kalibration der TPC prasentiert. Mit der neuen Kalibration wird eine Ortsauosung von

r
 340 m und 
r
 640 m erreiht, sowie eine Impulsauosung von p=p = 5:4%
bei einem fur das D
0
Meson relevanten Impuls von p = 5 GeV/.
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1Chapter 1
Introdution
Heavy-ion ollisions at ultra-relativisti energies oer the possibility to study the behavior
of nulear matter at high density and temperature where one expets the existene of
the Quark Gluon Plasma (QGP). In this new state of matter the quarks are no longer
onned inside individual hadrons, but they are free to move within the interation region.
At the same time the quarks lose their dynamial mass leading to the restoration of hiral
symmetry, an approximate symmetry of QCD in the setor of light quarks.
Many dierent signatures have been proposed for the formation of a QGP phase.
Aording to the type of nal state partiles, they an be divided into two main groups: the
hadroni probes and the eletromagneti probes. Hadroni probes have the advantage of
having large ross-setions. However, they undergo a substantial evolution through strong
reinterations in the period between their formation and the detetion. Therefore, the
momentum distribution and the nal partile omposition an be aeted by later stages
of the heavy-ion ollision. Nevertheless, it is still possible to extrat valuable information
about the initial stage of the ollision by studying nal state hadrons. Eletromagneti
probes have a negligible ross-setion for the interation with hadroni matter. They
are a diret tool for the investigation of the rst stages of the heavy-ion ollision. The
drawbak of this kind of probe is that the prodution ross-setion is very small, and the
detetion in a high bakground environment beomes a diÆult task.
CERES is one of the experiments at the CERN Super Proton Synhroton (SPS) de-
diated to the study of eletromagneti probes. Its main objetive is the measurement of
low mass eletron-positron pairs produed in p-A and A-A ollisions. Systemati studies
have been done with S-Au in 1992 [1℄ and the proton-indued reations p-Be and p-Au
in 1993 [2℄. An energy san has been performed during the years 1995 to 2000 using the
system Pb-Au [3, 4, 5℄. While the p-A ollisions ould be well explained by a oktail
of the hadroni soures 
0
, , 
0
, , ! and , the S-Au and Pb-Au spetra showed a
signiant enhanement in the mass range 0:2 < m
e
+
e
 
< 1:5 GeV/
2
. A omparison
between the p-Au and S-Au data sets is shown in gure 1.1. A dilepton enhanement was
also observed by the HELIOS/3 experiment in 200 AGeV/ S-W ollisions [6, 7℄ and by
the NA38/NA50 experiment in 158 AGeV/ Pb-Pb ollisions [8℄. The observation of this
exess also led to an enormous theoretial ativity. It might be explained by diret thermal
radiation of the reball, dominated by the two-pion annihilation 
+

 
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Figure 1.1: Low-mass eletron pair enhanement in nuleus-nuleus ollisions.
The left gure shows the inlusive e
+
e
 
mass spetra in 450 GeV/ p-Au ollisions. The shape
of the spetra is in good agreement with the predited ontributions from hadroni deays.
The right gure shows the orresponding spetra for S-Au at 200 AGeV/. In the mass range
between 0.2 and 1.5 GeV/
2
an enhanement by a fator of 5:0  0:7 (stat) 2:0 (syst) [1℄ is
observed with respet to expetations from the hadroni oktail.
with an intermediate  vetor meson. Compared to the lighter vetor mesons ! and 
the  is of partiular interest. Beause of its short lifetime of 1.3 fm/ it samples the
evolution of the reball as a funtion of time. Furthermore, due to its link to hiral
symmetry restoration [9℄, it is assumed that the intermediate  suers strong in-medium
modiations. The two main theoretial alternatives for this modiation predit a shift
of the  peak to lower masses (Brown-Rho saling [10℄) or a spreading of its width based
on alulations of the  spetral density within the dense hadroni medium [11℄. The
upgrade of the CERES experiment in 1998 with a Time Projetion Chamber (TPC)
opened the additional possibility to study hadroni hannels. Many interesting topis
have been addressed sine then [12, 13, 14, 15, 16℄.
The aforementioned dilepton enhanement in the low and intermediate mass region
gave rise to several speulations. One often disussed possibility proposes an abnormally
enhaned open harm prodution in nuleus-nuleus ollisions [17℄. However, suh an
inrease is not easily justied theoretially [18℄, and would also be diÆult to reonile with
the urrent understanding of the observed J=	 suppression. Another explanation argued
thatD meson resattering in hot and dense matter might generate a transverse momentum
broadening whih an enrih the 
+

 
phase spae overed by the NA50 experiment [19℄.
But the resulting inrease was to small to explain the exess [20℄. Furthermore, the role
of seondary Drell-Yan proesses in hadroni resatterings has been investigated within
the UrQMD transport model [21℄. It has been found that in the intermediate mass
region (IMR) this ontribution may onstitute up to 30% of the primordial Drell-Yan
yield and thus far from explaining the experimental ndings. An attempt to explain
the HELIOS-3 data used a transport model inorporating dilepton prodution through
seondary hadroni annihilation proesses [22, 23℄. It was found that the enhanement in
S-W ollisions ould indeed be explained. Unfortunately, the statistis of the HELIOS-3
3data for m

+

 
> 2 GeV is poor. Finally, the signiane of thermal dilepton radiation
has been investigated [24℄. The evaluation of the dilepton spetra in Pb-Pb ollisions as
measured by NA50 showed that the IMR an be omposed of 3 major omponents: open
harm deays, Drell-Yan and thermal radiation. It was shown that the dilepton exess
ould indeed be explained without invoking any anomalous enhanement in the harm
prodution. Furthermore, the low-mass dilepton spetra from the CERES experiment
ould be explained in the same framework when medium eets in the low-lying vetor
mesons are inluded. Therefore, a onsistent piture of dilepton prodution at the full
CERN SPS energy seems to emerge. To test this result against open harm enhanement
a diret measurement of the D meson ontribution is needed.
The subjet of this thesis is the measurement of the open harm yield in 158 AGeV/
Pb-Au ollisions. Due to the low prodution ross-setion the measurement is diÆult.
The expeted yield per event for entral Pb-Pb ollisions at SPS is  0:03 for D
+
=D
 
and  0:1 for D
0
=D
0
[25, 26℄. However, the CERES experiment has the possibility to
distinguish between primary and seondary traks by utting on the seondary vertex.
Moreover, the upgrade of the experiment with a TPC and its extensive alibration provides
a reasonable momentum resolution (p=p = 5:4% at p = 5 GeV/). Finally, the large
data sample of 30 million events taken during the beam time of the year 2000 is enough
statistis to make suh a measurement tempting.
The thesis is strutured as follows. Chapter 2 gives a brief historial overview of the
heavy-ion program and eluidates the most relevant features of the Quark Gluon Plasma.
Chapter 3 presents the experimental ndings of the NA38/NA50 experiment onerning
the exess in the intermediate mass muon pair ontinuum in 158 AGeV/ Pb-Pb ollisions.
Furthermore, its most disussed soures, open harm enhanement and thermal radiation,
are presented. The overall experimental setup of the CERES experiment together with its
individual detetor omponents are desribed in hapter 4. Chapter 5 is devoted to the
reonstrution sheme of the raw data. Speial emphasis is given to software omponents
developed in the framework of this thesis. Another important ontribution during this
work was the alibration of the TPC, desribed in detail in hapter 6. Chapter 7 presents
the analysis sheme for the measurement of open harm. It is mainly based on the
reonstrution of the seondary vertex using two Silion Drift Counters (SiDC) and the
TPC. A ut on the longitudinal distane between the seondary vertex and the primary
interation region allows to separate seondary partiles from target traks and thus makes
an almost bakground free partile reonstrution possible. In hapter 8 the feasibility
of the analysis is demonstrated for the more abundant strange partiles. The studies
are performed on the two body deay K
0
S
! 
+

 
. The eÆieny is tested against an
alternative CERES measurement using only the TPC and measurements from the NA49
and NA57 experiments. The same analysis sheme is applied to the reonstrution of
open harm in hapter 9. An upper limit on the open harm ross-setion is obtained.
Finally, hapter 10 ontains the onlusions.
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Quark Gluon Plasma
Several experimental disoveries in partile physis revealed the hierarhial nature of
matter. The onstituents of marosopi matter were found to be moleules and atoms.
The atoms onsist of a nuleus surrounded by an eletron loud. The omponents of
the nulei are the nuleons whih in turn are formed of quarks, antiquarks and gluons
(partons). To this date no further substruture of quarks was observed. They are regarded
as pointlike partiles. The properties of the 6 known quark avors are listed in table 2.1.
Isolated quarks have never been deteted and thus it is onjetured that they are onned
together with other quarks to form hadrons. The gluons are the intermediators of the
strong olor fore between the quarks. The physis of the strong interation is desribed
by the theory of Quantum Chromodynamis (QCD). It is the SU(3) gauge symmetri
part of the Standard Model of partile physis.
In deep-inelasti sattering experiments the individual sattered partons y away
pratially freely, dress with a gluon loud and rapidly form olor singlet bound states,
the hadrons. However, if the number of partons sattering simultaneously into the same
volume element is suÆiently inreased, the situation may hange radially. A dense
medium of partons is formed, where the interations of quarks, antiquarks and gluons are
sreened suh that the formation of bound states is inhibited. This new state of matter
is alled Quark Gluon Plasma.
The ultimate aim of ultra-relativisti heavy-ion ollisions is to prove the existene
of this new state of matter and to investigate its partiular properties. The topi is
also relevant to other elds, like osmology and astrophysis. Firstly, the transition from
hadroni matter to a QGP may happen in the inner ore of neutron stars, where mass
densities are likely to exeed 10
15
g=m
3
(about four times the entral density of nulei)
while surfae temperatures are as low as 10
5
K or less [11℄. Seondly, it is believed that
the inverse transition (hadro-synthesis) had to our a few tens of miroseonds after the
Big Bang. The following setions will give a brief historial overview over the heavy-ion
program and eluidate the most interesting features of the phase transition.
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quark avor harge Q=e urrent mass m
q
[MeV/
2
℄ dynamial mass M
q
[MeV/
2
℄
d (down)  1=3 9:9 1:1 310
u (up) +2=3 5:6 1:1 310
s (strange)  1=3 199 33 500
 (harm) +2=3 1350 50 1800
b (bottom)  1=3 ' 5000 4500
t (top) +2=3 > 90000 > 176000
Table 2.1: Quark properties. Quarks are fermions (spin 1=2) and are haraterized by the
avor degree of freedom d, u, s, , b or t. The urrent quark masses listed in the table were taken
from referene [27℄, the dynamial masses from [28℄. A urrent mass is the mass of a quark in
the absene of onnement. When the quark is onned in a hadron, it may aquire an eetive
mass whih inludes the eet of the zero-point energy of the quark in the onning potential.
This so alled dynamial mass is typially a few hundred MeV in magnitude.
2.1 Historial Overview
The heavy-ion program started with xed target experiments in 1986 at the Alternating
Gradient Synhroton (AGS) of the Brookhaven National Laboratory (BNL) and the
Super Proton Synhroton (SPS) of the Centre Europeen pour la Reherhe Nuleaire
(CERN). The enter of mass energy reahed with these two failities is
p
s = 5 AGeV
and
p
s = 17 AGeV, respetively. Data was taken using a beam of relatively light ions of
14:6 AGeV
16
O and
28
Si at the AGS and 60-200 AGeV
16
O and
32
S beams at the SPS. It
was observed that the olliding nulear matter loses a substantial fration of its energy in
the ollision proess [29℄. This proved the possibility to reate hot and dense matter in
heavy-ion ollisions.
The program ontinued with heavier nulei, 10:8 AGeV
197
Au at the AGS and 40, 80
and 158 AGeV
208
Pb at the SPS. The high energy Pb data provided irumstantial evi-
denes that a new state of matter had been produed [30℄, and the oÆial announement
from CERN soon followed in the year 2000 [31℄.
The QGP formed at SPS energies is not expeted to be net-baryon-free. The net-
baryon ontent in the QGP is small, if the separation between the beam and the target
rapidity stays far away from the entral rapidity region. For nuleus-nuleus ollisions
at an energy of
p
s = 100 AGeV, the separation between the projetile and the target
rapidity is 10.7 units. On the other hand, the average rapidity loss of the baryons in the
entral ollision of Au on Au is roughly 2 to 4 units [27℄. Thus, for those high energy
ollisions a net-baryon-free Quark Gluon Plasma would be expeted. This triggered the
set of experiments, whih began to run in the year 2000 at the Relativisti Heavy Ion
Collider (RHIC), also loated at BNL. These were ollider experiments, able to reah
even higher energies of about
p
s = 200 AGeV neessary to produe a net-baryon-free
Quark Gluon Plasma.
An even learer result will be obtained with a new ollider being built at CERN, the
Large Hadron Collider (LHC). This mahine will be apable to reah energies of about
p
s = 5:5 ATeV. At this highest energy all parameters relevant for the formation of the
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Figure 2.1: Phase diagram of matter. Lattie QCD alulations predit a deonnement
phase transition, and an aompanying hiral phase transition, both at high temperature and/or
high density. The expetation for the phase boundary [35℄, based on alulation for 
B
= 0, is
indiated by the hathed region. The hemial potentials  and temperatures T resulting from
thermal analyses plae the hemial freeze-out (blak line) very lose to the phase boundary
between plasma and hadrons.
QGP, suh as energy density, size and lifetime of the system and relaxation time, will be
more favorable. The experiment dediated to heavy-ion ollisions at LHC will be ALICE
(A Large Ion Collider Experiment) [32℄. First runs are planned for the year 2007.
2.2 Phase Diagram of Nulear Matter
Reent theoretial preditions estimate that the phase transition between the on-
ned and the deonned phases of QCD ours at a ritial energy density of


= 0:70 0:35 GeV/fm
3
[33℄. This energy density an be reahed by hanging one
or both of the two essential thermodynamial quantities: the temperature T and the
density . The QCD phase diagram in gure 2.1 an thus map out regions in the plane of
temperature T and baryohemial potential 
B
[34℄, with the latter speifying the mean
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Figure 2.2: Spae-Time Evolution of a Heavy-Ion Collision. The invariant hyperbola
in the spae-time diagram alloate the individual stages passed during a heavy-ion ollision.
baryon number density 
B
(baryon minus antibaryons).
If ordinary nulear matter is ompressed to the extent that nuleons overlap, a old
QGP is formed. It is believed that this situation may take plae inside neutron stars [36℄.
At T = 0 the ritial density for the transition an be estimated to be 

' 0:72/fm
3
[27℄.


is about 5 times the nuleon number density 
B
= 0:14/fm
3
for normal nulear matter
at equilibrium. Experimentally, the QGP an be aessed by a ombination of heating
and ompression, olliding heavy nulei with veloities lose to the speed of light. The
energy brought into the system is dissipated for the reation of quark-antiquark pairs
and gluons. Assuming equilibration, the system beomes deonned at suÆiently high
density and temperature to form a hot QGP.
The spae-time senario of a high-energy nuleus-nuleus ollision was suggested by
Bjorken [37℄ as illustrated in gure 2.2. The trajetories of the projetile and the target
nuleus are drawn as thik lines in the diagram. The nulei are Lorentz ontrated in
longitudinal diretion and therefore represented by two thin disks. During the ollision
proess the baryons lose a substantial fration of their energy, whih is deposited in the
viinity of the enter of mass. After the ollision the slowed-down baryons an still have
enough momentum to reede from eah other. The energy deposition is approximately ad-
ditive in nature and might be suÆient to reate a system of quasi-free quarks and gluons
in the entral rapidity region. After a short moment of inomplete thermal equilibration
(pre-equilibration), the plasma may reah loal equilibration (QGP) at the formation time
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0
 1 fm/ [37℄. The subsequent evolution of the reball an be desribed in terms of the
laws of hydrodynamis. The pressure inside the hot and dense medium leads the system
to expand. Its temperature drops and the plasma starts to hadronize (mixed phase).
The hadrons will stream out of the ollision region when the temperature falls below the
temperature of hemial freeze-out. At this stage all inelasti interations stop and the
yield of eah hadron speies is xed. As the temperature further dereases to reah the
point of thermal freeze-out, also the elasti ollisions ease.
The relative abundane of produed hadrons in heavy-ion ollisions an be om-
pared with expetations for a statistial ensemble [34℄. This allows two parameters to
be adjusted to the data: the temperature T and the baryohemial potential 
B
. At
present, data exists for a variety of energy regimes, aessible by dierent aelerators
(SIS, AGS, SPS and RHIC). This allowed the determination of hadrohemial freeze-out
points, shown in gure 2.1 as red irles. The empirial urve onneting the freeze-out
points orresponds to a onstant energy per hadron of 1 GeV [38℄. The information about
the thermal freeze-out an be extrated from the analysis of momentum spetra and is
also shown in the gure.
2.3 Chiral Symmetry Restoration
A fundamental symmetry of QCD is hiral symmetry. It is broken in the vauum, but
lattie QCD predits that hiral symmetry is restored at the same temperature as the
deonnement of the quarks and gluons ours. An important goal in heavy-ion physis
is therefore to look for evidenes for this fundamental predition of the Standard Model.
This issue will briey be eluidated in the present setion. A omprehensive introdution
to this topi an also be found in [39℄.
Chiral symmetry involves the handedness of partiles, i.e. the information of the
spin orientation versus its diretion of motion. The ability to dene the handedness in an
absolute way depends on weather or not a partile has mass, sine a partile with mass
moves with less than the speed of light. For right-handed partiles, the spin is pointing in
the same diretion as its veloity. But for an observer moving faster than the partile, it
would appear to move bakwards, while its spin would still remain unhanged. For that
observer the partile would seem to be left-handed. In ontrast, a massless partile moves
at the speed of light in all frames, and all observers would agree on its handedness.
As indiated in table 2.1 the masses of the quarks are not xed onstants but are
rather generated by interations with other partiles. The urrent mass m
q
an be assoi-
ated with the weak interation. The dynamial massM
q
arises from the strong interation.
It is believed that the urrent masses are generated by the oupling to the still undisov-
ered Higgs eld. The Higgs eld has a nite average value in the ground state, generally
known as vauum. Partiles interat with the vauum Higgs eld, whih modies their
properties and gives rise to their masses. In the limit m
q
! 0 the QCD Lagrangian for
light quarks (u,d, and s) reveals SU(3) avor symmetry independently for left-handed and
right-handed quarks, i.e. it has hiral symmetry SU(3)
L
SU(3)
R
. In this limit the heli-
ity beomes a good quantum number. Sine the atual urrent masses of the light quarks
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Figure 2.3: Energy dependene of a harge singlet pair. Due to quantum utuations
the vauum is lled with pairs of harged partiles in a singlet state. Charge means eletri harge
in the ase of QED (Quantum Eletrodynamis) and olor harge in the ase of QCD (Quantum
Chromodynamis). If a e
+
e
 
pair is reated from the QED vauum, it will annihilate within
the time sale 1=E
pair
given by the unertainty relation. These are virtual pairs. In ontrast
to this senario, the total energy in QCD exhibits a minimum at negative energy. The empty
vauum at E = 0 beomes unstable and the pairs beome real.
are small ompared to the typial few hundreds of MeV for strongly interating partiles,
they an to a good approximation be regarded as massless and QCD as approximately
invariant under the hiral version of isospin symmetry.
As is shematially illustrated in gure 2.3, the total pair energy in QCD has a
minimum at some distane r
0
 1 fm. Moreover the value of this minimum is negative.
As a onsequene, an empty (E = 0) vauum beomes unstable beause there exists a
onguration with lower energy. Pairs of olor harge are reated and stay there forever.
The QCD vauum is lled with real olor harge pairs. Beause the gauge eld (gluons)
is a vetor eld, due to the heliity onservation for m
q
! 0 a left-handed quark an
only ouple with a left-handed antiquark and vie versa. This means that the qq pairs in
the QCD vauum have to be in the singlet state not only in olor but also in spin. But
already this means that hiral symmetry is broken in the vauum, sine there are qq pairs
in a salar state, i.e. ontaining q and q of opposite heliities, whih in massless limit do
not interat. A right-handed and massless test quark put into suh a vauum an only
annihilate on a right-handed antiquark thus liberating a left-handed quark [40℄. For an
observer at some distane this will look like the test quark, being in a vauum, hanges
spontaneously its heliity. Therefore, it annot move with the speed of light, and hene it
had to aquire some dynamial mass. It is these interations with the asymmetri vauum
that hide the approximate hiral symmetry of QCD.
If the temperature and therefore the kineti energy is raised, at some ritial value
T

of the order of the pion mass the energy stored in the strong eld is overome. At
this stage the minimum of the total pair energy will beome positive, and hene the real
qq pairs would disappear from the vauum. Above that temperature hiral symmetry will
be restored and quarks will retain their zero mass in the hiral limit.
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2.4 Equation of State
The equation of state desribes the temperature dependene of the energy density  and
the pressure p. Obviously it is of great interest to estimate the hadron-quark transition
temperature. The simplest piture is perhaps assuming the hadroni phase to be an ideal
non-interating Hadron Gas (HG) of massless pions, and the quark phase to be an ideal
gas (QGP) of massless gluons and two-avor quarks [41℄. The energy density  and the
pressure p of an ideal gas are given by:

ideal
=
g
30

2
T
4
; (2.1)
p
ideal
=

ideal
3
=
g
90

2
T
4
: (2.2)
The degeneray fator g is dened by the boson degrees of freedom n
b
and the fermion
degrees of freedom n
f
:
g = n
b
+

1 
1
2
3

n
f
: (2.3)
With the boson degrees of freedom n
b
= 3 for the three isospin pion states, and no
fermions, the pressure of the ideal Hadron Gas would be:
p
HG
=
1
30

2
T
4
'
1
3
T
4
: (2.4)
In the QGP ase, the boson degrees of freedom add up to n
b
= 16 (8 olor states  2 spin
states for gluons). The fermion degrees of freedom add up to n
f
= 24 (2 avors  3 olors
 2 spins  2 for quark-antiquark). The external pressure an be estimated using the
bag model for hadrons [42℄. It is equal to the bag onstant B. As a result, the pressure
for the QGP an be written as:
p
QGP
=
37
90

2
T
4
  B ' 4T
4
  B: (2.5)
For low temperatures, equation (2.4) yields the larger pressure. By inreasing the tem-
perature, the two pressures rst beome equal at a ritial temperature T

and thereafter
the QGP pressure dominates. Aording to Gibbs riterion, the phase with the largest
pressure is the stable one. This means that at low temperature the system will be in
a HG phase and for high temperatures in the QGP phase. Assuming a bag onstant of
B
1=4
' 200 MeV [27℄, the transition will our at a temperature:
T

=

90B
37
2

1
4
 140MeV (2.6)
More detailed theoretial alulations are done in lattie QCD, a nonperturbative
treatment of quantum hromodynamis formulated in a disrete lattie of spae-time
oordinates [43℄. They have been performed at zero net-baryon harge. This has a
pure tehnial reason, as some expressions that are in lattie Monte Carlo formulation
interpreted as probabilities, are no longer positive denite at non-zero baryon densities.
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Figure 2.4: Energy density and pressure as a funtion of temperature in lattie
QCD. The alulations have been performed by the Bielefeld group [33℄ using 0, 2 and 3 light
quarks as well as two light quarks and a heavier (strange) quark. At high temperature it is
expeted that =T
4
and p=T
4
will asymptotially approah the free gas limit for a gas of gluons
and n
f
quarks (equation 2.1 and 2.2). This is indiated by the arrows.
Figure 2.4 shows a alulation for the energy density and the pressure. The rapid hange
in energy density within a narrow temperature interval indiates the hange from onned
hadrons to a QGP. However, the phase transition is found to be of the rst or of the seond
order, or even a smooth ross-over, depending on the number of quark avors and their
masses. The ritial temperature T

obtained at zero baryon density is about 260 MeV for
pure gauge theory, i.e. for systems onsisting of gluons only. For theories with dynamial
quarks T

varies between 140-170 MeV.
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Chapter 3
Dimuon Exess in the Intermediate
Mass Region
Dileptons have the interesting property of not suering strong interations with the sur-
rounding hadroni medium. Therefore, they are onsidered as ideal probes of the early
stage of heavy-ion ollisions, where the Quark Gluon Plasma formation is expeted. The
dilepton mass spetra an basially be divided into three regions [22℄. The region be-
low the  meson ( 1 GeV/
2
) is addressed as the low mass region. It is dominated by
hadroni interations and hadroni deays. In the intermediate mass region from about
1 to 2.5 GeV/
2
, the ontribution from the thermalized QGP might be seen [44℄. And
nally, in the high mass region the J= suppression has been a subjet of great interest,
sine it was proposed as a signal of the deonnement phase transition [45℄.
The most prominent observation in the low and intermediate mass region has been
the dilepton enhanement seen by the experiments HELIOS/3, CERES and NA38/NA50.
The NA50 experiment has proposed an enhaned open harm prodution in entral
Pb-Pb ollisions by a fator of 3 [17℄. Suh a large enhanement is, however, diÆult to
explain theoretially. Another interpretation of the data is that the inrease of the IMR
dimuons is not from harm but is due to thermal dileptons [24℄. This hapter summarizes
the experimental ndings and gives a brief onfrontation of two possible explanations:
open harm enhanement and thermal dilepton radiation.
3.1 Experimental Evidenes
The NA38/NA50 experiment studied muon pair prodution in p-A, S-U and Pb-Pb ol-
lisions at the CERN SPS [8, 46℄. The dominant ontribution to the dimuon spetrum in
the IMR is the ombinatorial bakground due to the deays of  and K mesons. After
its subtration the invariant mass and transverse momentum spetra in p-A ollisions
are well desribed by a superposition of dimuons oming from leptoni and semi-leptoni
harm deays and from Drell-Yan proesses:
dN
dm

  R
dN
dm
bg
= n
J= 
dN
dm
J= 
+ n
 
0
dN
dm
 
0
+ n
DD
dN
dm
DD
+ n
DY
dN
dm
DY
(3.1)
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Figure 3.1: Charm hadroprodution ross-setion. The values refer to forward produ-
tion (x
F
> 0). The dotted urve shows the
p
s dependene of 
pp

obtained with PYTHIA and
tted to the measurements. The red square is the indiret measurement from the NA38/NA50
ollaboration [17℄.
In this equation R is a orretion fator to aount for harge orrelation eets. The
shape of the dimuon soures in the right part of equation (3.1) is evaluated by means of a
Monte Carlo simulation. By xing the shape of the dimuon soures, the p-A spetra are
tted leaving the yields n
i
(i = DY , DD, J= ,  
0
) as free parameters.
The obtained total number of muon pairs from DD deays is translated into an open
harm prodution ross-setion 
pA
DD!
for p-A ollisions. To obtain the orresponding
value for p-p ollisions at 450 GeV/ a linear dependene on the mass number A is
assumed:

pp

=
 

pp


pp
DD!
!
MC


pA;Data
DD!
A
= 36:2 9:1 b: (3.2)
The Monte Carlo saling ratio was obtained from a simulation with the event generator
PYTHIA [47℄. The NA38/NA50 ompared their indiret measurement for the p-p open
harm prodution ross-setion to diret measurements from other experiments, as shown
in gure 3.1. For this purpose the ross-setion value was divided by a fator of 2 to
onsider only the x
F
> 0 hemisphere. The agreement is satisfatory. It is possible to
obtain the 
pp

ross-setion for dierent energies from a PYTHIA alulation tted to the
data.
The expeted ross-setion for A-A ollisions 
AA
!
is obtained by using a linear
extrapolation of the p-A soures with the produt A
p
 A
t
of the mass number of the
projetile and target nulei. This enables to alulate the expeted number ofDD dimuons
in the entrality integrated S-U and Pb-Pb spetra. The Drell-Yan events are determined
by a t to the high mass region of the spetrum.
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Figure 3.2: Enhanement in the IMR dimuon spetra of Pb-Pb ollisions. The
gure shows the dimuon spetra from 158 AGeV/ Pb-Pb ollisions [17℄. The sum of expeted
soures is drawn as solid line. The ontributions from Drell-Yan proesses (dashed line), J= 
and  
0
(dot-dashed lines), and from DD (dotted line) are also shown. The omparison to the
data shows a dimuon exess in the IMR whih might be assigned to an enhanement of open
harm.
The omparison of the expeted soures in A-A ollisions and the data points shows
that the linear extrapolation from p-A ollisions underestimates the dimuon yield in the
IMR. As an example the spetrum for entral Pb-Pb ollisions (N
part
= 381) is shown in
gure 3.2. It is observed that the exess inreases roughly linearly with the number of
partiipant nuleons N
part
as an be seen in gure 3.3. In order to desribe the data with
a simple superposition of DY and DD, the expeted open harm yield has to be saled
up by a fator reahing  3:5 for entral Pb-Pb ollisions.
This exess has been interpreted as enhanement of open harm. It has been observed
that the kinematial distributions (p
T
, y and os 
m
) of the measured dimuon exess are
ompatible with those expeted from open harm but not with a wrong estimation of the
bakground normalization.
Also the CERES ollaboration has tested the hypothesis of open harm enhanement
to explain their dilepton enhanement in the low mass region [25℄. However, the data
would require an enhanement fator of about 150, whih is ruled out by the NA38/NA50
measurement. To bring larity in the situation, a diret measurement of the open harm
yield is presented in this work.
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Figure 3.3: Enhanement fator versus number of partiipants. The data points
omprise the p-A and A-A ollision measurements of the NA38/NA50 ollaboration [17℄. The
braket in the p-A point represents the systemati unertainty.
3.2 Open Charm Enhanement as QGP Signature
One possible explanation of the open harm enhanement is given within the Statistial
Coalesene Model (SCM) [48℄. In this approah it is assumed that the J= meson is
reated at hadronization aording to the available hadroni phase-spae. Thus, within
this model, the J= yield is independent of the open harm yield.
The hypothesis for open harm enhanement is that in A-A ollisions a harm pair
below the D meson pair threshold (m

< 2m
D
) an hadronize into D mesons [49℄. This
piture an be laried by rst onsidering open harm prodution in e
+
e
 
annihilation. If
the distane between the  and  quark reahes the range of the onnement fores, a string
onneting these olored objets is formed. If the e
+
e
 
enter of mass energy
p
s lies above
the D meson threshold 2m
D
, the  and  quarks break the string into two (or more) piees.
As a onsequene harmed mesons or hadrons are produed. However, if
p
s exeeds the
harm quark threshold but lies below the D meson threshold (2m

<
p
s < 2m
D
), the
string does not break and no open harm meson is formed.
Next, the  formation is assumed to take plae inside a deonned medium. In this
ase no string is formed between the olored objets due to the Debye sreening. The
reated  and  quarks an y apart as if they were free partiles. Thus, they will be able
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to form a D meson at the stage of the QGP hadronization even if their initial invariant
mass m

was below the orresponding meson threshold.
In N-N or A-A ollisions the heavy avor quark pairs are produed due to hard parton
interations. Leading order pQCD alulations show that a great fration of  pairs are
reated with m

< 2m
D
even at the largest RHIC energies. In a deonned medium, as
expeted for high energy A-A ollisions, the hadronization of the reated  pair would
be failitated. This should lead to an enhanement of harmed meson prodution in
A-A ollisions ompared to the result obtained by linear extrapolating the N-N data.
Within the rapidity window of the NA50 spetrometer the SCM predits an open harm
enhanement fator of 2:5 to 4:5 [50℄.
3.3 Thermal Dilepton Radiation
A dierent approah to explain the dilepton exess is the assumption of a thermal soure
emission [24, 51, 52, 53℄. The model is based on the observation that the dilepton emission
rate from a hadron gas at a given temperature is fairly well desribed by the qq annihilation
rate at the same temperature [11℄. The so alled quark-hadron duality is valid down to a
mass of approximately 1 GeV/
2
. Suh simpliation makes it possible to parameterize
the thermal soure by a Boltzmann-like exponential funtion with eetive temperature
T
eff
and a normalization fator N
eff
whih reets the spae-time volume oupied by the
thermal soure.
In this way the dilepton spetra from CERES in the low mass region and from
NA50 in the intermediate mass region an be desribed at the same time by just using
the two parameters T
eff
= 170 MeV and N
eff
= 3:3  10
4
fm
4
. The omparison is shown
in gure 3.4. Even the diret photon data from the WA98 [54℄ is ompatible with this
piture.
The thermal soure model is not able to deide if the matter whih emits the dileptons
has a deonned or hadroni nature. However, the eetive temperature parameter of
T
eff
= 170 MeV is in perfet agreement with the temperature needed to desribe hadron
speies ratios [55℄. Sine T
eff
is an average temperature, it an be onluded that the
eletromagneti probes indeed point to temperatures above the expeted deonnement
temperature. This orroborates the expetation that at CERN-SPS energies a QGP is
formed.
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Figure 3.4: Comparison of thermal model alulations to data. Preliminary
CERES data (upper row) and NA50 data (lower row) an be desribed within thermal model
alulations [53℄. The thermal yields are drawn as blak solid lines. The ontribution from the
hadroni deay oktail is drawn as dot-dashed blue line in the CERES data. In the NA50 data
the ontribution from Drell-Yan proesses is drawn as dashed line, the ontribution from open
harm as dot-dashed line, and the J= and  
0
as blak solid line. The blue solid line is the sum
over all ontributions.
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Chapter 4
CERES Experiment
The CERES (Cherenkov Ring Eletron Spetrometer) experiment is part of the heavy-
ion program at the CERN Super Proton Synhroton (SPS). It was designed for the
measurement of low mass e
+
e
 
pairs in nuleus-nuleus ollisions. The rst version of the
experiment onsisted of a telesope of two Silion Drift Counters (SiDC1 and SIDC2)
for preise vertex reonstrution and two Ring Imaging Cherenkov Detetors (RICH) for
the eletron identiation. Originally, the momentum of the eletrons was determined
by measuring the deetion angle in the azimuthal symmetri magneti eld between the
two RICH detetors. The experiment was upgraded in the year 1995. An additional Pad
Chamber was positioned behind the seond RICH detetor to improve the momentum
resolution and to ope with the high multipliities of Pb-Au ollisions [56℄.
In 1998 the Pad Chamber was replaed by a ylindrial Time Projetion Chamber
(TPC) [57℄ in order to improve the mass resolution in the range of the , ! and  mesons
to m=m = 3%. The dierential energy loss dE=dx in the TPC is used to further im-
prove the eletron to pion separation. In addition, the TPC allows the study of nal
hadroni states. As all other subdetetors the TPC has full azimuthal overage. The
aeptane in polar angle is 8
Æ
<  < 14
Æ
whih orresponds to a pseudorapidity range
of 2:10 <  < 2:65. At the time of the experimental upgrade the former magneti sys-
tem between the RICH detetors was disabled and a new system assembled around the
TPC. The reent experimental setup of the CERES experiment is shown in gure 4.1. A
detailed desription of its individual omponents will follow in the next setions.
4.1 Target Area
The target system used during the beam time in 2000 onsists of 13 gold disks. The gold
is vauum-metalized onto mylar foils whih served as support struture. The thikness
of the mylar foils is 1.5 m, that of the gold layers is 25 m. The mylar foils are glued
onto iron rings of 350 m. The distane between the targets is adjusted with spaers of
1.6 mm. A target diameter of 600 m and a spaing between eah disk of 1.98 mm is
hosen to guarantee that eah partile produed in the aeptane of the spetrometer
does not pass additional target disks. This ondition minimizes the amount of undesired
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Figure 4.1: Cross-setion of the upgraded CERES experiment. Shown is the latest
setup of the spetrometer used during the beam times in 1999 and 2000. The main omponents
are two Silion Drift Detetors (SiDC1/SiDC2) for the vertex reonstrution, two Cherenkov
Counters (RICH1/RICH2) for eletron identiation and a Time Projetion Chamber (TPC)
for the measurement of the partile momentum.
onversions of photons into e
+
e
 
pairs. The tungsten shield upstream the target system
protets the UV-Counters of the RICH detetors against strongly ionizing partiles from
the target.
4.2 Trigger System
The trigger system of the CERES experiment starts the readout sequene of the detetors
if a (entral) ollision between a beam and a target nuleus has been deteted. The
deision is based on the signals of three Cherenkov Counters with air as radiator gas (Beam
Counters BC1, BC2, and BC3) and a 1 mm plasti sintillator for entrality (Multipliity
Counter MC).
The rst two Cherenkov Counters are loated 60 m and 40 mm upstream the target
system, respetively. The beam trigger is dened by the oinidene between these two
ounters:
T
beam
= BC1 BC2: (4.1)
With an additional veto on BC3, loated 69 mm downstream the target system, the
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Figure 4.2: Correlation between the pulse height of the MC and the TPC trak
multipliity. The number of traks for minimum bias runs is plotted on the horizontal axis.
The vertial axis shows the pulse height information from the multipliity detetor of the trigger
system. The plot was divided into vertial slies. To eah slie a Gaussian funtion was tted,
and the mean value with its error is shown in blak. Over the whole range the pulse height of
the MC is proportional to the trak multipliity.
minimum bias interation trigger an be generated by:
T
minbias
= BC1 BC2 BC3: (4.2)
Finally, the entral trigger requires a signal from MC, loated 77 mm downstream the
target system:
T
entral
= BC1 BC2 BC3 MC: (4.3)
The MC sintillator has an outer diameter of 14.7 mm. With a 4.9 mm diameter hole in
the middle it has a mean pseudorapidity overage of 2:3 <  < 3:5. Its signal is roughly
proportional to the number of harged partiles hitting the sintillator and thus it is a
good measure for entrality. The orrelation between the MC pulse height and the trak
multipliity measured with the TPC is shown in gure 4.2.
Additional beam partiles passing through the target within several miroseonds
from the triggered event produe Æ-eletrons visible in the SiDC and the RICH detetors.
These events are suppressed by the trigger system by requiring no other beam partile
within 1 s from the nulear reation triggered on.
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Figure 4.3: Operation mode of the Silion Drift Detetors used in the CERES
spetrometer. A partile traversing the depletion zone of the detetor reates eletron-hole
pairs. An eletri drift eld leads the eletrons towards the anodes loated at the edge of the
wafer.
4.3 Silion Drift Detetors
Two radial Silion Drift Counters (SiDC1, SiDC2) are loated 10.4 m and 14.3 m
respetively downstream the target system. Both detetors are 4
00
wafers with a thikness
of 250 m. The ative area ranges from 4.5 mm to 42 mm in radius.
The operation mode of the SiDC detetors is based on the sidewards depletion pro-
posed by E. Gatti and R. Rehak in 1984 [58℄ and is illustrated in gure 4.3. The under-
lying idea is that a huge area of high resistive n-type doped silion an be ompletely
depleted from a tiny n
+
-type doped ontat by impressing a negative voltage on p
+
-type
implants on both side of the wafer. The minimum of the eletri potential is loated in
the middle of the wafer and has a paraboli shape towards the surfae.
If a partile traverses the depletion zone of a SiDC it produes eletron-hole-pairs.
The eletrons are transported towards the n
+
-anode via an eletri drift eld reated by
a voltage divider parallel to the wafer surfae. For a typial drift eld of 700 V/m the
maximal drift time of the eletrons is around 3.8 s. This drift onept has the advantage
that the surfae of the anode an be kept small. A small anode surfae implies a small
apaitane whih redues eletroni noise.
A total amount of 360 anodes are radially arranged at the edges of the SiDC detetors.
They are onneted with the readout hain. The measured pulse height is amplied by a
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Figure 4.4: Segmented anode struture of the SiDC detetors. The width of a
1
Æ
anode setor adds up to 732 m. The entral segment of 366 m is onneted to two main
side segments of 122 m. In addition eah anode has two smaller side segments of 61 m loated
in adjaent anodes. This design guarantees optimal harge sharing.
harge sensitive amplier and shaped in a quasi-Gaussian form. A FADC (Flash Analog
Digital Converter) samples the analog signal with a frequeny of 50 MHz and digitizes it
with a 6 bit resolution.
Within the overall onept of the experiment the two SiDC detetors are used to
determine the pseudorapidity density of harged partiles dN=d, suppress onversion
eletrons, and perform a preise vertex reonstrution. Knowing the drift veloity, the
radial oordinate of a partile passing through the detetor an be alulated by measuring
the drift time of the eletron loud. The azimuthal oordinate  an be aessed via the
information whih anode has been hit. Figure 4.4 shows a ross-setion of an anode. The
segmented struture improves the harge sharing between the anodes and therefore the
azimuthal resolution of the detetor [59℄.
4.4 Cherenkov Counters
The task of the two Ring Imaging Cherenkov Detetors (RICH1, RICH2) of the CERES
spetrometer is the identiation of eletrons. These detetors take advantage of the
Cherenkov radiation to measure the veloity  of the traversing partile. Combined with
the knowledge of the partile momentum,  determines its mass.
Whenever harged partiles pass through matter they polarize the moleules, whih
then turn bak rapidly to their ground state emitting prompt radiation. If the veloity of
the partile exeeds the veloity of light in the medium v > =n, the emitted light forms
a oherent wavefront. This so alled Cherenkov light is emitted under a onstant angle


with respet to the partile trajetory:


= aros

=n
v

= aros

1
n

(4.4)
The lowest veloity where the emission of Cherenkov radiation is still possible is v
th
= =n.
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Figure 4.5: Priniple of the RICH detetors. Cherenkov photons are emitted under
a onstant angle to the trajetory of a partile, if its veloity exeeds the veloity of light in
the radiator gas. The photons are foused by a mirror onto a ring at the surfae of a position-
sensitive photon detetor. The radius of the ring is a measure for the partile veloity.
This orresponds to a Lorentz threshold fator of:

th
=
1
q
1 
1
n
2
(4.5)
The onept of a RICH detetor was proposed in 1977 by J. Seguinot and T. Ypsilantis [60℄
and is illustrated in gure 4.5. The Cherenkov photons, emitted at an angle 

by a partile
passing the radiator of the detetor, are foused by a mirror onto a ring of radius R at the
surfae of a position-sensitive photon detetor. By measuring the ring radius the partile
veloity, whih is onneted with the relativisti Lorentz fator , an be determined by:
R = R
1
s
1 


th


2
(4.6)
In this equation R
1
is the asymptoti radius for partiles with   
th
. It is determined
by the foal length f of the mirror and the Lorentz threshold fator:
R
1
= f 
1

th
(4.7)
The radiator gas used in the RICH detetors of the CERES spetrometer is CH
4
at
atmospheri pressure. The high threshold of 
th
= 32 assures that only eletrons and
positrons emit Cherenkov light, whereas 95% of the hadrons do not produe any signal.
Only pions with a momentum exeeding 4:5 GeV/ make an exeption to the hadron
blindness of the RICH detetors.
The spherial shape of the RICH1 mirror is manufatured out of a arbon ber om-
posite with a low radiation length of X=X
0
= 0:4%. It is oated with aluminum, known
for its high reetivity in the UV region (> 85%). The RICH2 mirror is a onventional
6 mm glass with a radiation length of X=X
0
= 4:5% at omparable UV-reetivity [61℄.
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The position-sensitive UV-detetors loated in the foal plane of the mirrors are
gas detetors lled with 94% He and 6% CH
4
at atmospheri pressure. To onvert the
inoming photons to eletrons via photoionization TMAE (Tetrakis-di-Methyl-Amino-
Ehtylen) vapor is added. It has a low ionization potential of 5.4 eV. The gas is heated to a
temperature of 40
Æ
to inrease the partial pressure of TMAE. At this working temperature
the mean free path for photoabsorption is 5 mm. The onversion region of the UV-
detetors of 15 mm adds up to a onversion probability of 95%. The eletrons emitted
after photoabsorption are amplied in an avalanhe proess. The signals are read out on
53800 individual pads in RICH1 and 48400 pads in RICH2. The pad size is 2.7  2.7 mm
2
in RICH1 and 7.6  7.6 mm
2
in RICH2, respetively. To separate the UV-detetors from
the radiator gas of the RICH detetors UV-transparent windows are used (CaF
2
for RICH1
and Quartz for RICH2).
4.5 Time Projetion Chamber
The measurement of the partile momentum is aomplished with a ylindrial Time
Projetion Chamber (TPC), loated 3.8 m downstream the target system. Furthermore,
partile identiation is possible taking advantage of the dierential energy loss dE=dx.
As mentioned in the introdution of this hapter, the CERES experiment was originally
oneived for the measurement of e
+
e
 
pairs. However, the spetrometer upgrade with
the TPC renders the additional possibility to study nal hadroni states.
Figure 4.6 shows a shemati view of the CERES TPC. Its sensitive volume is lled
with gas. If a harged partile passes through the TPC the gas is ionized. An eletri eld
fores the liberated eletrons to drift outwards until they reah a plane of anode wires.
In the viinity of the anode wires the eletrons are aelerated and produe seondary
ionization in an avalanhe proess. The eletrons are quikly olleted by the anode
wires and therefore ontribute little to the indued signal. The heavier ion louds remain
and expand radially, induing a signal on the pads, whih are onneted to the readout
eletronis.
The CERES TPC has an ative length of 2 m and an outer radius of 130 m. The
inner barrel has a radius of 48.6 m. The TPC is omposed of 16 multiwire proportional
hambers forming a polygonal struture. The segmented readout pads are arranged in
groups of 48 in azimuthal diretion on eah hamber. Along the z axis the TPC is divided
into 20 planes. The 16 48 20 = 15360 readout hannels of the TPC are sampled in
256 time bins, thus allowing a 3-dimensional reonstrution of a partile trak.
The eletri drift eld inside the TPC is radial, pointing from the grounded ath-
ode wires on the readout hambers to the inner barrel, supplied with a high voltage
of  30 kV. Both sides of the TPC are losed by 50 m apton foils with inorporated
voltage dividers. The TPC is operated inside an inhomogeneous magneti eld, generated
by two opposite-polarity solenoidal oils. The magneti ux is indiated in gure 4.1 by
red dotted lines. In the region between the two oils a eld strength of 0.5 T is reahed
(ompare gure 6.1).
In the presene of a magneti and an eletri eld, the drift veloity vetor ~v
drift
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Figure 4.6: Shemati view of the CERES TPC. A harged partile passing the ative
volume of the TPC ionizes the gas along its trajetory. The eletrons drift towards the anode
wires on the readout hambers. The angle between the radial eletri eld
~
E and the drift
veloity ~v
drift
is given by the Lorentz angle 
L
.
of the eletrons has non-zero omponents perpendiular to the the eletri eld vetor
~
E [62℄:
~v
drift
=

1 + (!)
2
 
~
E + !
~
E 
~
B
B
+ (!)
2
(
~
E 
~
B)
~
B
B
2
!
(4.8)
In this equation  is the mean time between two ollisions. The ylotron frequeny ! is
given by:
! =
e
m
B = B (4.9)
where  is the mobility. It has to be pointed out that the mobility is a funtion of the
eletri eld, gas omposition, pressure, and temperature. As soon as the magneti and
the eletri elds are not parallel to eah other, the eletrons do not follow any more the
eletri eld lines. The angle between the drift veloity ~v
drift
and the eletri eld
~
E is
alled Lorentz angle 
L
.
The CERES TPC has a large ontribution of a magneti eld omponent perpendi-
ular to the radial eletri eld, espeially towards the edges. If ,
~
E and
~
B are known,
the drift veloity an be omputed. Its value ranges from 0.7 m/s to 2.4 m/s with a
maximal drift time of about 71 s. However, to minimize unertainties, the Lorentz angle
should be kept small. Thus, a gas omposition with low mobility has to be used. Beside
this aspet, the radiation length, the number of reated eletron-ion pairs, the maximal
drift time and the diusion oeÆients were taken into aount and led to the hoie of
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Figure 4.7: Chevron
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ture of the
athode pads. The
hevron struture re-
sults in an optimal
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ent pads and in
a good linearity of the
pad response.
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Figure 4.8: Cross-setion of a TPC readout hamber.
Primary eletrons oming from an ionizing partile are amplied in
an avalanhe proess due to the strong eletri eld in the viinity
of the anode wires. The gating grid is responsible to protet the
readout hambers from free harge. It is swithed to a transparent
mode as soon as a trigger signal has been given.
a gas mixture of 80% Ne and 20% CO
2
[63℄.
The pads of the CERES TPC have a hevron-shaped struture, as plotted in
gure 4.7. Compared to usual retangular pads, the hevron shape results in a better
harge sharing and linearity of the pad response [63℄.
The anode wires are strained in azimuthal diretion 3 mm above the hamber surfae.
A ross-setion of a hamber is shown in gure 4.8. Thin parallel and equally spaed
anode wires are sandwihed between a athode wire plane and the pads. The anodes
are on positive potential of about 1:3 kV. The adjaent athode wires are grounded.
This reates a very strong eletri eld lose to the anode wires where the eletrons are
multiplied by a fator of 10
4
in an avalanhe proess. The potential of the gating grid,
loated 6 mm above the athode wire plane, is responsible to regulate the passage of
eletrons and ions. It impedes free harge inside the gas volume, whih does not ome
from partiles originating from a nuleus-nuleus ollision, to reah the anodes. Seondly,
it prevents the ions from oating bak into the drift volume. The gating grid is operated
at an oset potential of U
offset
=  140 V. In the losed mode an additional bias potential
of U
bias
= 70 V is superposed, alternating from wire to wire. This auses a strong
inhomogeneous eld and the harge is olleted at the gating grid. Only after a signal
from the trigger the gating grid is swithed to a transparent mode at U
bias
= 0 V.
4.6 Coordinate System
All subdetetors use their own spei oordinate system. However, a global polar o-
ordinate system with the origin loated in the enter of the rst Silion Drift Detetor
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Figure 4.9: Global oordinate system of the CERES experiment. It is a polar
oordinate system (z,,) with the origin in the enter of the rst Silion Drift Detetor SiDC1.
The z oordinate is parallel to the beam axis. For seondary partiles a right handed Cartesian
oordinate system (x,y,z) with origin in the interation point is used.
(SiDC1) ombines all detetors. It is drawn in gure 4.9. The beam axis oinides with
the z oordinate. Therefore eah point is dened by its distane z to SiDC1, its polar
angle , and its azimuthal angle .
Also frequently used are the so alled event oordinates. Their origin is loated in
the interation point of eah event. For a segmented target, as it is used in the CERES
spetrometer, this oordinate system is very onvenient. It projets all target disk onto
a single one whih is speially important for the mixed events tehnique, desribed in
setion 8.3.1.
The polar oordinate system, as it is ommonly used in the CERES experiment,
is not suitable for the analysis of seondary partiles arising from late deays. For this
purpose a onversion into Cartesian oordinate is needed.
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Chapter 5
Raw Data Reonstrution
This thesis is based on the analysis of data reorded during the beam time in the year
2000. The CERES experiment has taken a large data sample of about 30  10
6
Pb-Au
ollisions at 158 AGeV/ triggering on the 7% most entral ollisions. A seond sample of
3  10
6
events was olleted at 20% entrality. The typial beam intensity was 10
6
ions per
burst. Eah burst had a duration of 5 s with a 14 s pause in between. The data taking
rate was 300-500 events per burst.
The raw data is stored on tape at the CERN omputer enter. Before being able to
perform any physis analysis it has to be transformed into a suitable format. Therefore,
the data is deompressed, the pedestals are subtrated, and an automati alibration is
performed. The signals are disentangled to form hits and the hits are ombined in a
meaningful way to form traks. And nally, further information like the momentum is
retrieved by tting the urvature of the trak in the magneti eld.
This hapter is foused to spei aspets of the data reonstrution, i.e. the hit
and trak reonstrution proedure in the SiDC detetors and the TPC. It is part of the
C++ pakage COOL (Ceres Objet Oriented Library). Speial importane is given to
developments in the framework of this thesis. These are the reonstrution of partiles
originating from late deays and the hit nding strategy in the TPC.
5.1 Reonstrution Proedure in the SiDC Detetors
5.1.1 Hit Finding
The raw data of the SiDC detetors onsist of 6 bit nonlinear amplitudes on 360 anodes
in azimuthal diretion and 256 time bins in radial diretion. Thus, a SiDC event onsists
of a grid of 360  256 = 92160 pixels. Figure 5.1 shows an example of an event display
of SiDC1. A signature of a harged partile passing the detetor and depositing energy is
alled a hit. It is a luster of typially 8-12 time bins on 2-3 anodes.
The pattern reognition starts from a given pixel and searhes for neighbors with
non-zero amplitude whih are not yet assigned to another hit. All pixels fullling these
riteria are grouped together in a luster. Also non-funtioning (dead) anodes, if present,
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Figure 5.1: Event display of SiDC1. The SiDC plane is divided into 360 anodes and
256 time bins. The amplitude height is displayed in a olor ode, going from the lowest values
in blue to the highest in red.
are onsidered to prevent additional luster formation.
Eah luster is then divided into anode slies. These time pulses are sanned for loal
maxima and minima in the amplitude prole. If the amplitude of a minimum is less than
10% of one of the adjaent maxima, the pulse beomes a andidate to be split into two
parts. The nal deision about the splitting is based on several riteria onerning the
width and the skewness [13℄.
The time position of a maximum is determined by alulating the enter of gravity.
Only in the ases where one or more time bins are in saturation, it is determined by tting
a Gaussian funtion. Overlapping pulses are tted with a double-Gaussian. Within a
window of 7 time bins the pulses are ombined in anode diretion to hits. Pulses with
three or less time bins are disarded in this proess.
If more than two time pulses are ombined to a hit andidate, the amplitude proles
are sanned for a minimum in anode diretion. If suh a minimum is found the hit is split
in two parts. The position of the hit in anode diretion is obtained by alulating the
enter of gravity. In ases where a pixel has reahed saturation a Gaussian regression is
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Figure 5.2: Reonstruted target resolution. The 13 target diss are well resolved
along the beam axis. The thikness of eah gold dis of 25 m is negligible as ompared to the
resolution.
used for this purpose.
5.1.2 Trak and Vertex Reonstrution
One the hits in the two SiDC detetors are reonstruted a rst estimate of the vertex
position an be obtained using a robust vertex tting approah [64℄. It has the advantage
of being an order of magnitude faster than a standard minimization pakage, at ompa-
rable auray. In this method eah hit in SiDC1 is ombined with eah hit in SiDC2
into a straight trak segment. Afterwards, the residual of the SiDC1 hit from the line
through an assumed vertex and the SiDC2 hit is alulated. The same is done for the hit
in SiDC2. The starting value of the vertex position is in the middle of the target region.
The sum of the squared residuals are minimized using Tukey's bi-squared weights [65℄ to
aount for the fat that the data is highly ontaminated with bakground. In this way
a better estimate for the vertex position is obtained. The proedure is repeated until
it onverges after approximately ve iterations. The reonstruted vertex distribution is
shown in gure 5.2. The 13 target diss are resolved with an average resolution of about

z
 210 m along the beam axis.
The knowledge of the vertex position is needed for the traking strategy in the SiDC
detetors. In the standard method used in the CERES experiment a SiDC trak segment
is reated by searhing for the losest SiDC2 hit in a narrow mathing window around the
hit in SiDC1. The mathing window is dened in event oordinates. Thus, preferentially
traks pointing to the vertex are reonstruted.
For the speial demands of the K
0
S
and D
0
analysis desribed in the hapters 8 and 9
this strategy had to be modied in order to enhane the number of traks from seondary
deays. To avoid the bias due to the tted vertex the hits in SiDC2 are now projeted
onto the SiDC1 plane. In this projetion all SiDC2 hits in the viinity of a given SiDC1
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Figure 5.3: Primary versus seondary mathing. The omparison is based on a lean
Monte Carlo sample of daughter partiles from D
+
deays. The primary mathing distribution
is broad beause it uses mean angles for the pointing. The seondary mathing is based on loal
angles and thus yields better results for traks originating from late deays.
hit are aepted if they fulll the following distane riteria:
d =
r
2

2
r
+

2

2

< 1 (5.1)
In this equation r and  are the radial and azimuthal distanes between the SiDC1 hit
and the projeted SiDC2 hit. The values for 
r
and 

dene the uto and are given by
0:09 m and 0:05 rad, respetively. The uto is tuned suh that the amount of additional
SiDC trak segments does not exeed 30%.
Another hange onerns the mathing between a SiDC and a TPC trak segment.
The originally mathing proedure favored traks oming from the targets. It was dened
using the average angles 
mean
and 
mean
of the two SiDC hits in order to improve the
pointing resolution of the SiDC trak segment to the TPC. This proedure is not appli-
able for traks originating from late deays. In this ase the two SiDC hits are diretly
onneted with a straight line and extrapolated in the eld free region to the plane of the
RICH2 mirror. Also the TPC trak segment is extrapolated to the RICH2 mirror, but
now taking the magneti fringe eld into aount. The RICH2 mirror is the main soure
of multiple sattering in the experiment and therefore a suitable plae for the mathing
between the two trak segments. A global trak is obtained if the mathing
math =
p
()
2
+ (  sin(
SiDC
))
2
(5.2)
between the two trak segments is minimal as ompared to other ombinations. The
azimuthal angle dierene in this equation is dened as  = 
SiDC
  
TPC
, and similar
for .
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Figure 5.4: Sheme of the hit nding proedure in the TPC. The pixel grid is
searhed for loal maxima in time diretion, followed by a searh in pad diretion. If a pixel is
agged as a loal maximum in both oordinates it beome an absolute maximum. The hit is
dened as an area of 15 pixels around the absolute maximum.
The two dierent mathing proedures are optimized for either primary or seondary
traks, and will therefore be denominated as primary or seondary mathing, respe-
tively. The omparison between the two mathing proedures, applied to a lean Monte
Carlo sample of D
+
mesons, is shown in gure 5.3. The D
+
meson has a deay length
of  = 311:8 m [66℄ and thus deays in the viinity of the targets. Nevertheless, the
dierene between the two mathing proedures is remarkable. In spite of the fat that
the seondary mathing has a limited resolution, the gure shows that the pointing of the
primary mathing is even worse and might lead to a wrong trak segment ombination.
The new mathing proedure is implemented in the CERES ode suh, that the user an
hose between primary and seondary mathing, depending on the needs of his physis
analysis.
5.2 Reonstrution Proedure in the TPC
5.2.1 Hit Finding
The TPC is divided into 20 planes, eah of them ontaining 768 pads in azimuthal di-
retion and 256 time bins in radial diretion. Thus, the overall grid is omposed of
20 756 256  4 million pixels. The pixel ontains the linear amplitude information
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Figure 5.5: Reonstrution of overlapping hits in the TPC. A ounter variable
memorizes the value of the absolute maximum of the regarded hit. If a pixel is assigned to
several hits, the ounter variable is augmented by the orresponding absolute maxima of the
overlapping neighbors.
from an 8 bit ADC.
The pixel grid of the TPC is sanned for hits individually in eah plane. A shemati
overview of the proedure is drawn in gure 5.4. In a rst loop loal maxima are searhed
in time diretion for a given pad p. The same is repeated in pad diretion for a given
time bin t. The ombination of both informations nally yields the position of absolute
maxima. These are pixels whih are agged as a loal maximum in time as well as in pad
diretion. They provide a rst guess of the true hit position.
The searh for loal maxima might yield wrong results if several adjaent pixels in a
time bin row have saturated amplitudes. As ompromise the middle pixel of the saturated
luster is hosen as loal maximum. For instane, if three pixels have saturated amplitudes
A
0
= A
1
= A
2
, the pixel with A
1
is agged. A further problem appears if the number of
adjaent saturated amplitudes is even. In this ase the non saturated neighborhood is
used for the deision. For instane, if two pixels have saturated amplitudes A
1
= A
2
, and
the amplitude A
3
is higher than A
0
, than the pixel with A
2
is agged as loal maximum.
The area assigned to a hit is omposed of 5 time bins and 3 pads. These 15 pixels
are arranged around the absolute maximum. Hits ontaining only one time bin row are
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Figure 5.6: Number of overlapping hits. The three dierent lines orrespond to dierent
multipliity ranges. For the distribution of the hit multipliity in the TPC ompare gure 6.15.
disarded. The same applies for one pad lusters, with the exeption of a hit being
loalized at the edge of a hamber or adjaent to a dead front-end-board.
If a hit is isolated, its position in pad and time oordinates is given by the enter of
gravity omprising the area of the 15 pixels. However, many times the area assigned to
a hit overlaps with other hit areas and the simple omputation of the enter of gravity
is falsied. This problem is solved by alloating a ounter variable f
i
to eah pixel i. It
memorizes the amplitude of the absolute loal maximum of the regarded hit. If a pixel
an also be assigned to areas belonging to other hits, the ounter f
i
is augmented by the
values of their absolute maxima. The operation method is laried in gure 5.5. In this
way it beomes possible to weight eah pixel individually by the ratio of the absolute
maximum A
max
of the regarded hit and the ounter variable f
i
. The enter of gravity is
dened as
t =
P
i
A
i

A
max
f
i
 t
i
P
i
A
i
and (5.3)
p =
P
i
A
i

A
max
f
i
 p
i
P
i
A
i
for the time and pad oordinates, respetively.
The information about the number of overlapping hits is stored. If the overlapping
fator is zero the hit is isolated. The distribution of the overlapping fator is shown in
gure 5.6 for dierent hit multipliities in the TPC. About 80% of the hits are isolated,
17% are overlapping with one other hit and 3% are overlapping with two other hits. The
fration of hits overlapping with more than two hits is in the per mill range. The number
of overlapping hits inreases with the hit multipliity in the TPC, though the eet is
small.
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Figure 5.7: Time and pad width distribution. Figures a) and ) show the distribution
of the hit width expressed in units of time bins for 2 and 3 pad lusters, respetively. The same
is shown in gures b) and d) in units of pads. Only isolated hits belonging to traks are taken
into aount.
Another useful quantity is the hit width in terms of time bins and pads. It is dened
as:

time
=
q
t
2
  t
2
and 
pad
=
q
p
2
  p
2
: (5.4)
Figure 5.7 shows the distribution of 
time
and 
pad
for isolated hits belonging to traks.
Three peaks are visible in the 
time
distribution. The tiniest one is at a value of 0:5
orresponding to half a time bin. It an be attributed to hits alloating only two time
bin rows. A seond peak an be seen at about 0:7. These are mostly hits whih are
well situated in an area ontaining three time bin rows. The rest of the ases belong to
the main peak loalized at 0:85. The 
pad
distribution peaks at a value of 0.5 regardless
of the hit being a 2 or a 3 pad luster. For the 2 pad lusters the harge is distributed
almost equally over the two pads, while for a 3 pad luster the bulk of the harge is
loalized on the enter pad. Conspiuous is the long tail on the right hand side of the
3 pad luster distribution. Here the ontribution of unresolved double or even triple hits
beomes important. This issue will be readdressed in setion 6.5.
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Figure 5.8: Event display of the TPC. The left plot shows a front view of the TPC, the
right plot the orresponding sight view. The reonstruted hits are onneted to TPC trak
segments, represented as green lines.
The detetor spei hit oordinates (pad; time; plane) are transformed to the spa-
ial oordinates (x; y; z) with the help of look-up tables. This transformation ontains
the information about the transport proess of the harged lusters in the eletri and
magneti eld inside the TPC. Furthermore, many alibration aspets enter already at
this stage. The alibration of the TPC is desribed in detail in hapter 6.
5.2.2 Trak Finding
The next task is to ombine the reonstruted hits in the TPC to a trak segment.
The maximal number of hits per trak is given by the 20 planes in the TPC. The
minimal number is limited to 6 hits in order to redue the ontribution of deient or
fake traks.
The traking starts from a hit in one of the middle planes in the TPC. This hit is
ombined with its four losest neighbors in the two upstream and two downstream planes.
These hits are used to determine the sign of the trak urvature in azimuthal diretion.
The information is used to dene a narrow window in whih further hits are searhed.
The  position of the next hit is predited by a linear extrapolation of the deetion
obtained from the previous hits. The proedure stops if no further hit is found. In order
to nd hits whih are still missing, a seond order polynomial t with Tukey weights [65℄
is performed in the next step for the predition. This is done in several iterations until
no further hit is found. Speial treatment is required for low momentum (soft) traks. In
this ase a orretion is applied to the predition of the next hit. The orretion depends
on the urvature of the trak and the z position of the next point. The result of the trak
nding proedure in the TPC is shown in gure 5.8. More details an be found in [67℄.
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Figure 5.9: Number of hits per trak
and tted hits per trak. The ompari-
son of the two distributions shows that in av-
erage one hit is exluded from the trak t.
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Figure 5.10: Single trak eÆieny of
TPC trak segments. The single trak
eÆieny is determined from an overlay Monte
Carlo simulation.
5.2.3 Trak Fitting
The magneti eld in the TPC is very inhomogeneous and an analytial desription of
a trajetory is not possible. This problem is handled by using referene tables for the
trak t in the -z and r-z planes. The referene tables ontain the TPC hit oordinates
of Monte Carlo traks from a GEANT simulation [68℄ of the CERES experiment. The
Monte Carlo traks are generated in steps of 32 dierent  angles in the range  <  < ,
18 dierent  angles in the range 2:05 <  < 2:95 and 8 dierent momentum values in the
range  2 < q=p < 2 (GeV/)
 1
, where q is the harge of the simulated partile [69℄. The
trak segments in the TPC are tted with a two-parameter t assuming that the traks
ome from the vertex, and also with a three-parameter t taking into aount multiple
sattering whih happens mainly in the RICH2 mirror. After several iterations, hits with
large residuals r > 0:4 m and r > 0:2 m are exluded from the t.
The distribution of the number of hits per trak and tted hits per trak is plotted
in gure 5.9 for the same number of events. The average number of hits per trak is 16:5.
The distribution peaks at a value of 19 hits. One the trak is tted, in average one hit
is exluded. The mean value of tted hits per trak is 15:3, the most probable value is
18 hits. The single trak eÆieny of TPC trak segments is plotted in gure 5.10 as a
funtion of momentum. The eÆieny drops steeply for traks with a momentum smaller
than 0:6 GeV/. Traks with higher momentum are reonstruted with an eÆieny of
approximately 90%. It has to be mentioned that about 2% of the eÆieny loss an be
assigned to a row of dead front-end-boards in hamber 15 in all 20 planes whih were
disabled during the beam time in 2000.
In a rst order approximation it is assumed that the trak is only deeted in
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Figure 5.11: Momentum Resolution. The momentum resolution is determined from an
overlay Monte Carlo sample. Red squares are used for the two-parameter t, blue triangle for
the three-parameter t. The blak irles show the result for the ombined momentum t, whih
inlude the positive aspets of both.
azimuthal diretion. This allows to determine the polar angle  from a straight line
t in the r-z plane. In the next step the trak is tted in the -z plane using the hits
of the referene traks for the given  angle. The momentum of the trak is determined
from the deetion in -diretion. The deetion in -diretion aused by a seond order
eld eet is onsidered by applying a small orretion. In addition to the two-parameter
t, the three-parameter t allows an azimuthal inlination of the trak already at the
entrane of the TPC.
The three-parameter t yields an optimal result for low momentum traks whih often
suer multiple sattering. In ontrast, high momentum traks are better desribed by a
two-parameter t due to the additional vertex onstraint. This is learly seen in gure 5.11
whih shows the momentum resolution as a funtion of the momentum. To exploit the
positive aspet of both, a weighted ombination is used. The ombined momentum p
omb
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where p
2
and p
3
denote the two-parameter and three-parameter t, respetively, and

2
= p
2
=p
2
and 
3
= p
3
=p
3
the orresponding resolution.
The relative momentum resolution is determined by the resolution of the detetor
and multiple sattering in the detetor material [70℄:

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
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=

p
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sat
(5.6)
with
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
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
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s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/
1
B
r
1
L X
0
= onst: (5.7)
Here L denotes the measured trak length, X
0
is the radiation length, and B is the mag-
nitude of the magneti eld. The multiple sattering term is onstant and inuenes the
resolution of low momentum traks. The detetor resolution deteriorates with momen-
tum beause the relative error of the momentum t is smaller for large trak deetions
than for small ones. This term determines the momentum resolution of high momentum
traks. The relative momentum resolution of the TPC, as obtained from the ombined
momentum t, is given by:
p
p
=
q
(1%  p)
2
+ (2%)
2
: (5.8)
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Chapter 6
Calibration of the CERES TPC
The CERES TPC is exeptional in terms of its radial eletri eld (see gure 4.1). The
readout system is therefore not loated at the end plates as for a usual TPC, but around
the outer barrel. The magneti eld inside the CERES TPC is inhomogeneous to be
almost parallel to the ourse of the traks inside the spetrometer, exept for the part
at whih the deetions of the traks our. Due to this omplex eld onguration the
alibration of the CERES TPC poses a great hallenge.
The dierent steps of the alibration are desribed in eah setion of this hapter. It
has to be pointed out that most of the steps are not independent from eah other and
have to be determined after previous alibration steps are applied.
6.1 Eletri and Magneti Field and Mobility Cali-
bration
The magneti eld of the upgraded CERES experiment is alulated with the POISSON
program and shown in gure 6.1. The radial and longitudinal omponents B
r
and B
z
hange as a funtion of r and z. The magneti eld has been measured before the instal-
lation of the TPC in the experimental area. The measurement deviates from azimuthal
symmetry by few perent ompared to the nominal alulation. The deviations are in-
luded as orretion in the eld map [67℄.
The eletri eld is predominantly radial with E
r
 1=r. Deviations from the radial
symmetry our due to the polygonal shape of the TPC. Furthermore, a small longitudinal
omponent appears at both end plates. The eletri eld is alulated with a ustom
program based on the relaxation method. The exat knowledge of the eld age resistors,
of eld distortions aused by displaed hambers, and the leakage of the ampliation
eld through the athode wire plane is inluded in the alulation [12, 71℄.
The eletron mobility  depends on the eletri eld, pressure, gas omposition,
and temperature. The dependene on the eletri eld is alibrated using so alled laser
events in absene of a magneti eld [72℄. For this purpose UV light of  = 266 nm
from a Nd:YAG laser was sent into the TPC, parallel to its axis and at dierent radii,
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Figure 6.1: Magneti eld in the TPC. The plots show the radial and longitudinal
magneti eld omponents B
r
and B
z
as a funtion of z for dierent radii r. The region of the
TPC from z = 381:15 m (plane 0) to z = 572:55 m (plane 19) is marked with two vertial lines.
A magneti fringe eld is also present outside the TPC, starting to be negligible upstream the
RICH2 mirror at a position z = 329:73 m.
using a mirror system at the bakplate of the TPC. The position of eah laser ray was
monitored with position sensitive diodes plaed behind the semi-transparent mirrors. The
estimated resolution of the measured laser ray position is dr = 0:25 mm and rd = 0:5
mrad. In gure 6.2 an example of suh a laser event an be seen. For a given set of gas
parameters the reonstruted trak position is ompared to its nominal position known
from the diodes. The mobility is adapted iteratively until both positions agree.
A further onstraint is given by the position of the inner ylinder at a radius of
r = 486 mm. The signal from the inner ylinder omes from photo eletrons knoked out
by UV stray light whih falls onto the aluminum material. If no proper alibration is
applied, this signal appears as semiirles, as an be seen in gure 6.2. It reets the
polygonal shape of the TPC due to the fat that the drift paths for eletrons beome
longer and the drift veloities beome smaller towards the edges of a hamber.
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Figure 6.2: Laser event in the TPC. The gure shows a display of plane 17 of the TPC for
a laser event. The reonstruted hits in hamber 8 orrespond to the radii 700, 800, 900, 1000,
1100 and 1200 mm. The semiirles at the inner ylinder are aused by photo eletrons from
UV stray light of the laser. This periodi struture reets the polygonal shape of the TPC.
The pressure, gas omposition, and temperature were monitored during the beam
time with the slow ontrol system of the experiment as shown in gure 6.3. The data is
divided in alibration units of roughly one hour. For eah alibration unit the relative
hange of the mobility due to outside inuenes is alulated with the MAGBOLTZ
program [73℄. The transformation from detetor spei oordinates (plane,time,pad)
to Cartesian oordinates (x,y,z) is done via the drift veloity ~v
drift
using a fourth-order
Runge-Kutta method. The drift veloity is determined with equation (4.8). A higher
preision is ahieved using the drift option in MAGBOLTZ, but the omputation is time
onsuming. Therefore, the drift option is only used to ompute ~v
drift
in a wide meshed
grid. The omponents of the drift veloity from equation (4.8) parallel to the
~
E and
parallel to (
~
E 
~
B) are then orreted to aount for the obtained dierenes.
At last the information about the maximum drift time t
max
drift
is required for the oordi-
nate transformation. This quantity is extrated from the edge of the average radius distri-
bution of the hits from the middle 16 pads of planes 9 and 10 using the drift veloity ~v
drift
.
t
max
drift
is determined for eah alibration unit to aount for dierent onditions in the TPC
over the beam time [74℄.
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Figure 6.3: Slow ontrol. The slow ontrol of the experiment monitored the pressure, gas
omposition, and temperature during the beam time. The hanges of the nominal mobility value
due to outside inuenes are in the perent range.
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Figure 6.4: Calibration of hamber positions. The plots show the reonstruted radius
of the inner aluminum ylinder before and after alibration. The strutures seen in the upper
plot are aused by misaligned hambers. The three-fold struture within eah hamber belongs
to the three front-end-boards.
6.2 Corretion of Chamber Positions
The laser events taken in absene of a magneti eld an also be used to orret for
tilts and shifts of the 16 readout hambers [72℄. This is again done by using the signal
from the inner ylinder, whih was already mentioned in the previous setion. One
the periodi strutures seen in gure 6.2 have been orreted, the misalignment of the
hambers beomes visible. This is shown in the upper plot of gure 6.4 for plane 9 of
the TPC. The observed strutures are ordered in groups of 48 pads orresponding to a
hamber. Within eah hamber a tinier three-fold struture of 16 pads is visible, related
to the three front-end-boards. The reason is found in the dierent apaities of the
onnetions between the pads and the preampliers and will be readdressed in setion 6.8.
The hamber position aets the drift time via the drift path length and via the
eletri eld. Thus, the orretion has to be done iteratively. The orreted data is shown
in the lower plot of gure 6.4.
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Figure 6.5: Geometry of a readout
board. The pads have a hevron-like stru-
ture oriented along the z oordinate and rep-
resenting one plane. The planes are sepa-
rated by ground strips from eah other. The
anode wires are mounted in azimuthal dire-
tion above the pads. The red irle represents
eletrons drifting towards the anode wire. A
shift of the wire will inuene the eletron
loud in the indiated way.
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Figure 6.6: Calibration of anode wire
positions. Shifts of the anode wires result
in a linear dependene of  = 
trak
  
hit
versus pad number. This is orreted individ-
ually for eah plane and eah hamber via a
look-up table.
6.3 Corretion of Anodes Wire Positions
The preision of the adjustment of the anode wires above the athode pad planes is nite.
Deviations from the nominal positions, as shown in gure 6.5, are alibrated using a
sample of data taken in the absene of a magneti eld. For eah plane and eah hamber
the dierene of the azimuthal angle between the trak and the hits  = 
trak
  
hit
is
plotted versus the pad number. Here 
trak
is hosen as the best knowledge of the true
azimuthal angle 
true
. This assumption is justiable beause the trak is a t to 12-20 hits
and therefore a good measurand for 
true
.
In some ases systemati osets of  from zero are observed like the example in
gure 6.6. These osets depend linearly on the pad number and an be parameterized by
a polynomial of rst order. The linear dependene has its origin in the hevron-shaped
struture of the athode pads. If the position of an anode wire above the pads is shifted
in beam diretion (parallel to the z oordinate) the harge sharing between the pads must
neessarily hange. This in turn inuenes the determination of the enter of gravity of
a hit. The azimuthal hit position 
hit
is orreted with the help of a look-up table. The
result an be seen in the lower plot of gure 6.6.
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Figure 6.7: Origin of nonlineari-
ties. Nonlinearities are aused by the
fat that a ontinuous harge distribu-
tion (red) is sampled by a disrete num-
ber of pads (blue). The enter of gravity
for both distributions diers by a small
amount, depending on whih pad fra-
tion the mean of the harge distribution
is loated.
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Figure 6.8: Nonlinearity orretion in the
TPC. The nonlinearities an be seen by plotting
 = 
trak
  
hit
versus a fration of a pad. They
are orreted via look-up tables separately for 2 and
3 pad lusters. The shown example is plotted for a
positive magneti eld in the TPC.
6.4 Nonlinearities
The harge distribution from a trak segment is sampled by a nite number of pads.
This introdues a systemati error in the position resolution, as depited in gure 6.7. As
example a harge distribution, drawn as red urve, indues a signal in two adjaent pads.
The ontinuous signal is transformed into a disrete one, and thus results in a nonlinearity
of the pad response funtion. The error vanishes for symmetri ongurations if the mean
position of the harge distribution is loated either in the middle or at the edge of a pad.
To minimize the nonlinearities a hevron shape has been hosen for the pads [63℄.
The advantage with respet to a retangular shape is a better harge sharing and linearity
of the pad response even at low pad granularity. The remaining nonlinearities an be
orreted by plotting  = 
trak
  
hit
versus a fration of a pad, where 
trak
is the
best knowledge of the true value 
true
. The nonlinearities depend on the number of pads
on whih a signal is indued. In the upper row of gure 6.8 they are plotted separately
for 2 and 3 pad lusters. The azimuthal position distortion is smaller than 0:5 mrad and
thus a tiny eet. The orretion of 
hit
is done via look-up tables, separately for positive
and negative magneti elds. The result of the orretion is shown in the lower row of
gure 6.8.
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Figure 6.9: Position orretion for overlapping hits. The splitting of the
 = 
trak
  
hit
distribution in several peaks is due to unreognized overlapping hits. The
distane d of the peak to the enter as a funtion of the pad width is used to derive a orretion
for the hit position.
6.5 Position Corretion for Overlapping Hits
The hit reonstrution proedure desribed in setion 5.2.1 is able to separate overlapping
hits as long as their absolute maxima are at least one pixel apart. If this is not the ase,
the merged lusters are assigned to a single hit. These hits an be reognized by their
unusually large pad width of 
pad
> 0:6.
In gure 6.9 the azimuthal angle dierene  = 
trak
  
hit
is plotted for dierent
values of 
pad
. With inreasing pad width a double or even triple peak struture starts to
appear. This an be used to derive a orretion for unreognized overlapping hits. The
double peak struture is tted with two Gaussian funtions of same hight and width, but
with the distane d from the enter. The ts are performed separately for 2 and 3 pad lus-
ters. The relationship between the distane d and the pad width 
pad
is linear and given by
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Figure 6.10: Lateral rosstalk and signal undershoot. The gure shows an average over
many laser events in the pad-time spae. The laser pulse is aompanied by a signal undershoot
and the lateral rosstalk. The broadly spread signal at high drift time is aused by stray light
of the laser knoking out eletrons at the inner ylinder of the TPC (ompare gure 6.2).
d
2pdl
= (3:569  
pad
  1:656) mrad
d
3pdl
= (3:903  
pad
  1:543) mrad (6.1)
for 2 and 3 pad lusters, respetively. The triple peak struture is ignored in the orre-
tion. Assuming that 
trak
is lose to the true value 
true
, the hit position is shifted by
the distane d towards the trak. The trak is retted afterwards.
6.6 Lateral Crosstalk and Signal Undershoot
With the help of the laser it beomes possible to generate many events ontaining traks
at the same position and with similar signal amplitude. An average over several laser
events an be seen in gure 6.10 [63℄. The absene of surrounding traks in laser events
allows a detailed study of the pulse shape of the readout hamber.
Eah gas ampliation at an anode wire auses a drop of the wire voltage U
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aording to
U =
Q
amp
C
wire
: (6.2)
In this equation Q
amp
is the deposited harge and C
wire
is the apaitane of the anode
wire grid with respet to the surrounding eletrodes. On the other hand eah pad has a
apaitane C
pad
with respet to the anode wire grid. A drop of the wire voltage therefore
will indue a harge
Q
rosstalk
= C
pad
U =
C
pad
C
wire
Q
amp
(6.3)
on the readout pad. This eet is referred to as lateral rosstalk. It is a known feature of
wire hambers [75℄. The lateral rosstalk is seen in gure 6.10 as a sagging of the baseline
in the same time bins as the laser hit, but on neighboring pads. The eet was redued by
a fator of 2:5 by adding additional apaitane of about 5 nF to eah HV setor [63℄.
The seond eet observed in gure 6.10 is the sagging of the baseline for time bins
following the laser hit on a pad. The origin of this so alled undershoot an be found
in the usage of high-pass lters to suppress leakage urrents. High-pass lters work as
dierentiators for frequenies below the threshold frequeny [76℄. Thus, a trailing edge of
an inoming pulse will ause a negative outgoing pulse. This dereases the amplitude of
pulses following in time.
For a given pad i and a loal maximum l
0
the shape of the undershoot is well desribed
by the sum of two exponential funtions:
X
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A
l
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In this equation t
l
is the time bin of pad i where a loal maximum has been found.
P
j
A
l
ij
is the sum over the 5 time bins in pad i assigned to a hit l (for better understanding
see also setion 5.2.1). The oeÆients C
nm
have been determined in [77℄. Finally, the
sum
P
l<l
0
A
l
i;or
(t) expresses that all undershoot orretions of hits preeding the loal
maximum l
0
in time have to be onsidered.
6.7 Eletron attahment
Another important issue is a proess whih inuenes the number of primary produed
eletrons. The noble gas neon in the TPC has an admixture of 20% quenh gas arbon
dioxide. The CO
2
improves the drift properties [63℄ and prevents multiple disharges. It
absorbs the photons emitted by exited atoms or de-exites the atoms diretly through
ollisions. The energy mainly goes into rotational and vibrational exited moleular states
and into ionization of the quenher.
However, the CO
2
moleules also interat with gas impurities like oxygen. Oxygen
has the unwished property of attahing free eletrons oming from primary ionization
proesses:
e
 
+O
2
! O
 
2
: (6.5)
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Figure 6.11: Corretion of eletron attahment eets. The hit amplitudes derease
with drift time due to the attahment of free eletrons to oxygen impurities in the ll gas of
the TPC. The amplitudes are orreted for the polar angle  of the trak. This is important to
aount for the eet that a trak segment projeted onto a pad is longer for larger angles .
Therefore, the amplitudes have to by multiplied by os .
In dilute media the oxygen loses its energy by the reemission of the eletron or by radiation.
Unfortunately, at the atmospheri pressure present in the TPC the dominating proess is
the interation with another moleule M:
O
2
+M + e
 
(6.6)
O
 
2
+M
%
&
O
 
2
+M

: (6.7)
In the lower ase the eletron is lost. The abundant exitation modes of CO
2
even enhane
proess (6.7). Therefore, high requirements for the oxygen purity of the gas mixture in
the TPC are indispensable.
The eletron attahment an be parameterized as a funtion of the drift time by
N(t) = N
0
 e
 p(M)p(O
2
)Kt
; (6.8)
where p(M) is the operation pressure of the ounting gas, p(O
2
) is the partial pressure
of oxygen impurities and K is the eletron attahment oeÆient. The average value of
p(O
2
) during the beam time in the year 2000 was 11 ppm. It is lear from equation (6.8)
that the eletron attahment inreases with the drift path length.
The derease of the amplitude with the drift time an be desribed by an exponential
funtion:
A(t) = A
0
 e
 Ct
: (6.9)
In this equation A
0
is the amplitude expeted in absene of any eletron attahment eet.
An example is shown in gure 6.11 [77℄. The oeÆient C is determined individually for
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Figure 6.12: Pad-to-pad gain orretion. For the pad-to-pad gain orretion the maxi-
mum ADC value of a hit is used, whih is loalized on a single pad. The maximum ADC value
is orreted for the polar angle  of the trak.
eah of the 20 planes in time sales of alibration units. The dierent partile ompositions
as a funtion of the polar angle  are taken into aount. The orretion is applied after
the undershoot orretion desribed in the previous setion.
6.8 Pad-to-Pad Gain Variations
The pad-to-pad orretion omprises all eets whih ause gain variation from pad to
pad, but also harateristis whih extend over a whole eletroni devie. The upper plot
of gure 6.12 shows the unorreted pad-to-pad gain variation of the rst plane of the
TPC as an example.
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The most notieable struture extends over groups of 48 pads aording to the ham-
bers of the TPC. The periodi peaks an partly be explained by the bending of the anode
wires. The wires are glued to the edge of a hamber. In between these two xed points
the wires might bend due to the eletrostati attration towards the pad plane. This
dereases the distane between the anode wires and the pads and thus a stronger signal
is indued. The eet is strongest in the enter of a hamber. It has also been observed
that the gain drops at the end of the wires. Here the eletri eld diers from that of an
innite wire. Furthermore, the losing pads at the border of a hamber are smaller and
have a dierent shape than the rest of the pads. This an be responsible for the dip at
the edge of eah hamber. Finally, the three-fold struture inside a hamber reets the
individual responding behavior of the front-end-boards.
The pad-to-pad gain variations have been studied in [77℄. The orretion is imple-
mented in form of look-up tables and determined for eah alibraton unit. The eet of
the orretion is demonstrated in the lower plot of gure 6.12.
6.9 Corretion of Hit Positions
A ne tuning of the hit positions in the TPC an be ahieved by using further information
from the Silion Drift Detetors. The upper row of gure 6.13 shows the polar angle
dierene  = 
SiDC;trak
  
TPC;hit
between the SiDC trak segment and the TPC
hits versus the pads of the TPC [74℄. The tiny strutures seen in the plots reet the
16 hambers. No periodi struture is seen in the distribution of 
SiDC;trak
. Using this
knowledge the positions of the hits in the TPC are shifted by the amount 
or
, alulated
with respet to the mean value  obtained for eah hamber. The orretion is applied
as a funtion of the polar angle  to the individual pads and planes. The result an be
seen in the lower row of gure 6.13.
For the next orretion step it is important that the abundane of partiles with
opposite harge is similar. A onvenient hoie for this purpose are pions beause the
multipliity of 
+
and 
 
diers by only 10% [78℄. A lean sample of high momentum
pions (p > 4:5 GeV/) an be seleted with the help of the RICH detetors. This sample is
used to plot the azimuthal angle dierene  = 
R2M
 
TPC;hit
between the TPC trak
segment as measured at the RICH2 mirror and the hits in the TPC versus 
R2M
[69℄.
This is shown in gure 6.14. Clearly the deetion of the oppositely harged partiles
an be seen with inreasing plane number. Traks with innite momentum do not suer
deetion. The minima of the distributions should therefore be entered at zero. However,
a deviation from zero is seen as a funtion of 
R2M
. The deviation from zero is applied
as orretion to the hit positions of the TPC. The orretion is done as a funtion of the
azimuthal angle  and as a funtion of the plane number. The proedure is repeated for
the distribution  = 
R2M
  
TPC;hit
.
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Figure 6.13: Comparison between polar angles in SiDC and TPC. The distribution
of  = 
SiDC;trak
  
TPC;hit
plotted versus the pads in the TPC shows tiny strutures (upper
row). Applying a orretion  to the hits in the TPC results in a at distribution (lower row).
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Figure 6.14: Remaining deetion for innite momentum traks. For a sample of
pion traks the azimuthal angle dierene  = 
R2M
 
TPC;hit
is plotted versus 
R2M
. Traks
with innite momentum do not suer deetion and should be entered at zero.
56 CHAPTER 6. CALIBRATION OF THE CERES TPC
hit multiplicity
10000 15000 20000 25000 30000 35000
co
u
n
ts
0
200
400
600
800
1000
1200
0 1 2 3 4 5 6
Figure 6.15: Hit multipliity in the TPC. The resolution is determined dierentially for
the seven multipliity bins marked in the gure.
6.10 Dierential Resolution
The tting of trak segments in the TPC, as desribed in setion 5.2.3, an be improved
by swithing from onstant weights for all hits to a more sophistiated method by assign-
ing individual weights to the hits aording to their resolution. The weights ontain the
information about the hit position in the 3-dimensional spae and about speial hit har-
ateristis. In this way remaining inauraies in the determination of the drift veloity
are taken into aount, as well as other dependenies like the hit amplitude or the hit
multipliity of the event.
The momentum of a partile is determined by the deetion of the trajetory in the
magneti eld of the TPC. Thus, the important oordinate to obtain a good momentum
resolution is the azimuthal angle . For this oordinate the dierential resolution 
r
is
determined as a funtion of
 the radius in steps of 4 m,
 the 20 planes in the TPC,
 the hit amplitude in steps of 50 ADC units,
 the hit multipliity in the TPC in steps aording to gure 6.15,
 the number of responding pads, and
 the hit being isolated or not.
The dierential resolution is shown in gure 6.16 for a seleted set of hits. For a better
understanding 

is plotted instead of 
r
. For isolated hits the 3 pad lusters have
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Figure 6.16: Dierential Resolution. The dierential resolution is determined as a funtion
of several hit harateristis. In this way it is possible to weight eah hit individually in the t
of a TPC trak segment.
a somewhat better resolution than the 2 pad lusters due to the more favorable harge
sharing. The resolution of overlapping hits deteriorates about a fator of two ompared
to isolated hits. Nevertheless the bulk of the hits are isolated, as an be seen in gure 5.6.
Only 20% of the hits have an overlapping partner. Remarkable is also the strong de-
pendene of the resolution on the amplitude. Firstly, the resolution inreases with the
amplitude. This eet an be asribed to a better signal-to-noise ratio. Due to saturation
eets the resolution deteriorates again at higher amplitudes. As expeted, the resolution
dereases with the number of hits in the TPC, though the eet only start to be impor-
tant for very high multipliities of more than 40000 hits. The number of events with suh
high multipliities is small as an be judged from gure 6.15. The linear derease of the
resolution with the radius has its origin in the inreasing inuene of the diusion with
the drift length. The dependene on the plane number of the TPC is due to the higher
oupany in the rst planes, but also due to remaining unertainties in the knowledge
of the eletri or magneti eld.
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One the dierential resolution has been determined, the weight of a hit is given by:
w =
1

2
r
: (6.10)
Figures 6.17 and 6.18 show a small extrat of the weights for isolated and overlapping
3 pad lusters, respetively. Eah onneted urve desribes an amplitude san at a xed
radius. The multipliity in the TPC is between 25000 and 27500 hits. Only every seond
plane is displayed. The weights w an be parameterized as a funtion of the amplitude A
by
w(A) = C
0
+ C
1
 A+
C
2
 A
1 + e
 
A
C
3
(6.11)
or in the ase of overlapping hits with three pads by
w(A) = C
0
+ C
1
 A+
C
2
 A
1 + e
 
A
C
3
+ C
4
 (A  C
5
) +
C
6
 (A  C
5
)
1 + e
(A C
5
)
C
7
: (6.12)
Unfortunately the weights have large error bars at high amplitudes or radii due to
limited statistis. In some ases the tting of the weights might fail, thus resulting in
unreasonable oeÆients C
n
. To avoid this eet the oeÆients C
n
are also tted, but
now as a funtion of the radius. The used funtions are polynomials. The funtions shown
in gures 6.17 and 6.18 are smoothed in the desribed way.
In order to keep the amount of data as small as possible, many runs were taken using
a so alled TPC mask. This means that only those hits in the TPC are written to tape
whih fall in the overall aeptane of the spetrometer. The mask window hosen for the
beam time in 2000 is 6:5
o
<  < 15
o
. Obviously, the information about the hit multipliity
needed to alulate the weights is wrong for runs with mask. The hit multipliity has to
be resaled in those ases. The saling fators are determined from runs taken without
mask. The ratio
r
i
=
N
mask
i;hit
N
i;hit
(6.13)
is determined for eah plane i, where N
mask
i;hit
and N
i;hit
are the hit multipliities measured
with and without mask appliation, respetively. The saling fators rise ontinuously
from  0:6 for the rst plane to 1:0 for the middle planes 9 and 10, and drop again to
 0:8 for the last plane.
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Figure 6.17: Weight funtions of isolated TPC hits. The plotted weights belong to
isolated hits with three pads at a multipliity of 22500-25000 hits. The lines are ts aording
to equation (6.11).
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Figure 6.18: Weight funtions of overlapping TPC hits. The same as in gure 6.17
for overlapping hits. The lines are ts aording to equation (6.12).
6.11. INVERSE MOMENTUM CORRECTION 61
/dof2c
0 1 2 3 4 5 6
a.
u
.
0
0.02
0.04
0.06
0.08
0.1
0.12 constant weights
individual weights
2
ctheoretical 
20 fitted hits
Figure 6.19: 
2
distribution for 20 tted hits in the TPC. If the hits are weighted
aording to their individual harateristis the 
2
distribution of the trak t in the TPC
approahes the theoretial expetation.
The benet of using individual weights for the hits beomes obvious by plotting
the 
2
distribution of the trak ts in the TPC. This is done is gure 6.19 for the ase
of 20 tted hits. If all hits in the t are weighted equally the t result is inadequate
and the 
2
distribution is broad. If the hits are weighted aording to their individual
harateristis, the 
2
distribution approahes the theoretial expetation. The remaining
disrepany is due to a ontamination of the trak sample with partiles originating from
deay verties. However, the referene traks used for the ts are alulated for partiles
oming from a target. The t result for partiles oming from another interation point
will therefore deliver an unsatisfatory result.
6.11 Inverse Momentum Corretion
For a detetor with innite resolution the distribution of the harge times the inverse
momentum q=p should be entered at zero. However, remaining unertainties in the
knowledge of the Lorentz angle might ause a shift, as skethed in gure 6.20. For in-
stane, depending on the harge, a somewhat smaller or higher momentum might be
reonstruted. It an even happen that partiles at very high momentum are reon-
struted with the wrong sign. If in addition the abundane of positive and negative
harged partiles is dierent, the shift of the minimum is even larger.
The shift an be used to orret remaining deviations in the momentum. A onvenient
partile hoie for this measurement are pions. As already mentioned in setion 6.9 the
multipliities of 
+
and 
 
are similar and eets related to a dierent abundane of
partiles with opposite harge are therefore redued.
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Figure 6.20: Inverse momentum orretion. If the knowledge of the Lorentz angle in
the TPC is impreise the partiles are reonstruted at wrong momenta.
The pions are seleted with the RICH detetors by the ring radius. The determination
of the shift of the minimum is done in four steps in order to optimize the statistis [79℄.
First, a oarse orretion is alulated for eah alibration unit. The data is then divided
into three groups,
 positive magneti eld at the beginning of the beam time,
 negative magneti eld, and
 positive magneti eld at the end of the beam time.
A ner orretion is alulated as a funtion of the azimuthal and polar angle  and . In
the following step the same is repeated as a funtion of , but now within eah alibration
unit. In this ase the pions are seleted via their dierential energy loss in the TPC in
order to inrease statistis. Finally, a last orretion is determined in even ner entities
of 10 bursts, but integrated over  and .
6.12 Test Results of the Calibration
The last setion of this hapter is devoted to the benets ahieved with the alibration
of the TPC. Figure 6.21 shows the e= separation before and after alibration. In a
momentum range between 0 < p < 1 GeV/ the dE=dx resolution for eletrons improved
from 18:4% to 11:8% [77℄.
The position resolution is given by the width of the residuals r = r
trak
  r
hit
or r = r
trak
  r
hit
. Figure 6.22 shows the present position resolution as a funtion of
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Figure 6.21: dE=dx resolution in the TPC before and after alibration. The left
plot shows the dE/dx resolution of eletrons before the alibration of the TPC, the right plot
shows the same after the alibration. The seleted momentum range is 0 < p < 1 GeV/
2
. Only
traks with at least 15 hits are used.
the plane number in the TPC. The distortions in the azimuthal resolution are due to
remaining unertainties of the Lorentz angle. The higher oupany in the rst TPC
planes is responsible for the deterioration of the radial resolution. Furthermore, the drift
length is longer in the rst planes due to the aeptane of the TPC, and thus diusion
plays a major role. The global position resolution ahieved with the new alibration is

r
 340 m and 
r
 640 m. This has to be ompared with the design resolution of

design
r
= 250  350 m and 
r
= 400  500 m [57℄. The important oordinate for the
momentum resolution is the azimuth. Here the design resolution is reahed. The radial
position resolution is worse than its design value. The main reason is, that the weight
alulation desribed in the previous setion is not performed for the radial omponent.
The improvements of the new TPC alibration beome visible by omparing the position
resolution with the orresponding values 
r
 500 m and 
r
 800 m [63℄, obtained
with an earlier alibration version.
Another test is the omparison of the width of reonstruted partiles like the
 baryon or K
0
S
meson. Here, the previous alibration results in a width of
12:6 0:3 MeV/
2
for the deay ! p
 
and a width of 21:7 0:3 MeV/
2
for the de-
ay K
0
S
! 
+

 
[63℄. Figure 6.23 shows both partiles reonstruted using the proedure
desribed in hapter 7 and using the new alibration. The width of the  is signiantly
narrower, having now a value of 5:68 0:17 MeV/
2
. The same applies for the K
0
S
whih
has now a width of 13:24 0:05 MeV/
2
.
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Figure 6.22: TPC residuals. Plots a) and ) show the resolution as a funtion of the plane
number in the TPC. Plots b) and d) show the residuals integrated over all planes.
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Figure 6.23:  and K
0
S
Width. The number of analyzed events is 3:4 million for the 
and 15:9 million for the K
0
S
. The width 
m
and the oset 
m
of the measured mass from its
nominal value is written in the gures. For both analyses a seondary vertex ut of z
sv
> 1 m
is used. Furthermore, a ut on the bak extrapolated momentum vetor of bep < 200 m is
applied. The 
2
probability ut on the trak and the seondary vertex ts is P

2 > 0:01. The
reonstrution proedure and the ut variables are explained in detail in hapters 7 and 8.
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Chapter 7
Seondary Partile Reonstrution
Sheme
The two RICH detetors of the CERES experiment are optimized for the identiation of
eletrons. Other partiles an be identied using the dierential energy loss dE=dx in the
TPC, as shown in gure 7.1. In the CERES aeptane the momentum range of theK and
 deay produts of the D
0
meson is predominantly loated between 2:5 and 7:5 GeV/.
In this momentum regime the dE=dx resolution of the CERES TPC is not suÆient to
resolve the Bethe-Bloh lines of the deay produts. In gure 7.2 a Monte Carlo simulation
of the dierential energy loss of the kaon and the pion are plotted as a funtion of the
momentum. The 1 bands orrespond to  10% of the mean dE=dx value. From 1
GeV/ on the bands for the kaon and the pion overlap. Furthermore, they are rossed
by the Bethe-Bloh lines of other partiles like protons and muons. Without partile
identiation the fration of ombinatorial bakground beomes extremely large. Thus, a
ombination of suitable uts has to be applied to optimize the signal-to-bakground ratio.
A powerful tool for bakground suppression is provided by the reonstrution of the
seondary vertex. This enables to separate traks originating from the target from those
oming from late deays. The detetors usable for this purpose are the two SiDC detetors
and TPC. At rst, eah trak of a partile is tted by a straight line in the
~
B-eld free
region upstream the RICH2 mirror. The ts are based on three points. The rst two are
given by the hits in SiDC1 and SiDC2. To obtain the third point the TPC trak segments
are extrapolated to the RICH2 mirror taking the magneti fringe eld into aount. The
third point is then dened by the oordinates of this interept. The fringe eld upstream
the RICH2 mirror is negligible as an be judged from gure 6.1. Nevertheless, deviations
of the trak from a straight line an still our by multiple sattering between the two
SiDC detetors and the TPC. This is aounted for by momentum dependent errors of
the points. In a seond step eah two traks are ombined and the point of losest
approah between them is alulated. The reonstrution sheme of the seondary vertex
is illustrated in gure 7.3.
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Figure 7.1: Dierential energy loss in the CERES TPC. The two vertial lines mark
the momentum range of the deay produts of theD
0
meson. In this region partile identiation
via the dierential energy loss in the TPC is not appliable anymore.
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Figure 7.2: Simulation of the kaon and pion dE=dx band. The red and green shaded
regions orrespond to the 1-dE=dx band of the pion and kaon, respetively. The bands overlap
and are rossed by the Bethe-Bloh lines of other partiles like protons and muons.
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Figure 7.3: Reonstrution sheme of the seondary vertex. The traks are straight
line ts through three points given by the SiDC detetors and the TPC. The errors of these
points are determined from the resolution of the detetors. The seondary vertex is the point
of losest approah between two traks. A ut on its oordinates suppresses traks originating
from the targets. The piture is not drawn to sale.
A possibility to suppress fake trak ombinations is given by a ut on the radial
distane between the bak extrapolated momentum vetor of the D
0
andidate and the
primary interation point. In the following this distane will be denominated bep param-
eter. The momentum vetor of the D
0
andidate is given by the sum of the momenta of
the deay produts
P
~p
i
. For a true ombination of traks this momentum vetor will
point bak to one of the targets. In this ase the bep parameter will be small in ontrast
to the ase of a fake ombination of traks. The meaning of the bep parameter is further
laried in gure 7.4.
The two following setions explain in more detail the trak and the vertex tting
proedure and the error propagation. Afterwards the determination of the point errors
needed for the straight line ts of the traks is addressed. This is followed by a disussion
of the bep parameter. The hapter will nish with additional orretions used in the
analysis.
7.1 Trak Fit
The traks used in this analysis are obtained by tting a straight line through two hits in
the Silion Drift Detetor system, and an additional point obtained from the TPC. The
t is based on the Least Square Method and it is performed independently in the x-z and
y-z planes. In this setion the analytial solution of the problem will be disussed. Here,
only the x-z plane will be onsidered. The treatment of the problem in the y-z plane is
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Figure 7.4: Bak extrapolated momentum vetor. The momentum of a D
0
meson is
the sum of its deay produts
P
~p
i
. This vetor must point bak to the primary interation
region for a true trak ombination. As a measurand the bep parameter is dened as the radial
distane between the bak extrapolated momentum vetor and the primary interation region.
idential.
The general task is to desribe a sample of N measured data points (x
i
; z
i
) by a
funtion f(z; a
1
; a
2
; : : : ; a
n
) and to determine the unknown parameters a
1
; a
2
; : : : ; a
n
. The
number N of measured data points must be greater than the number n of parameters.
Further, it is assumed that the measurement of the values x
i
at the points z
i
have the
unertainties 
i
. The method of least squares states that the best values of a
j
are those
for whih the sum

2
=
N
X
i=1

x
i
  f(z
i
; a
j
)

i

2
(7.1)
is minimal. Examining equation (7.1) it is lear that it just desribes the sum of the
squared deviations of the data points from the urve f(z
i
; a
j
) weighted by the respetive
errors on x
i
. To nd the values of a
j
, the system of equations

2
a
j
= 0 (7.2)
must be solved. In the ase of funtions linear in their parameters a
j
, i.e. with no terms
whih are produts or ratios of dierent a
j
, equation (7.2) an be solved analytially. A
straight line is one example of a linear funtion.
A straight line in the x-z plane is dened by slope x
0
and an interept x
0
:
x(z) = x
0
z + x
0
: (7.3)
Here x
0
and x
0
stand for the unknown parameters a
1
and a
2
to be determined. As
mentioned at the beginning of this setion, the number of data points N is 3 (two SiDC
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hits and one TPC point). Equation (7.1) then an be written as

2
=
3
X
i=1

x
i
  x
0
z   x
0

i

2
: (7.4)
Taking the partial derivatives with respet to x
0
and x
0
results in

2
x
0
=  2
3
X
i=1
(x
i
  x
0
z
i
  x
0
)z
i

2
i
;

2
x
0
=  2
3
X
i=1
(x
i
  x
0
z
i
  x
0
)

2
i
: (7.5)
To simplify the notation, the following terms are dened:
B =
P
z
i

2
i
; A =
P
1

2
i
; C =
P
x
i

2
i
;
D =
P
z
2
i

2
i
; E =
P
z
i
x
i

2
i
; F =
P
x
2
i

2
i
:
(7.6)
Using these denitions, equation (7.6) beomes
E   x
0
D   x
0
B = 0; (7.7)
C   x
0
B   x
0
A = 0; (7.8)
and leads to the solutions
x
0
=
AE   CB
AD  B
2
and x
0
=
DC   BE
AD   B
2
: (7.9)
Finally, assuming to have obtained the best estimates for the unknown parameters x
0
and
x
0
, it is neessary to determine their unertainties. These an be extrated by inverting
the Hessian matrix
H =

H
11
H
12
H
21
H
22

; (7.10)
whih ontains the seond derivatives:
H
11
=
1
2

2

2
x
02
; H
22
=
1
2

2

2
x
2
0
; and H
12
= H
21
=
1
2

2

2
x
0
x
0
: (7.11)
The inverse of the Hessian matrix is the ovariane matrix,
V = H
 1
=
1
H
11
H
22
 H
2
12

H
22
 H
12
 H
12
H
11

; (7.12)
from whih the varianes 
x
0
x
0
, 
x
0
x
0
and the ovariane 
x
0
x
0
are obtained:

x
0
x
0
=
A
22
A
11
A
22
  A
2
12
=
A
AD  B
2

x
0
x
0
=
A
22
A
11
A
22
  A
2
12
=
D
AD  B
2

x
0
x
0
=
 A
12
A
11
A
22
  A
2
12
=
 B
AD  B
2
= 
x
0
x
0
: (7.13)
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Figure 7.5: Vetors used in the seondary vertex t algorithm. ~r
i
is the position
vetor of the i
th
trak, ~a
i
is its diretion vetor. ~r
v
is the vetor pointing to the seondary vertex.
d
i
is the distane between the i
th
trak and the seondary vertex.
7.2 Seondary Vertex Fit
The seondary vertex t algorithm implemented within the framework of this thesis also
uses the Least Square Method. It alulates the point of losest approah between a given
number of N traks in 3-dimensional spae oordinates. A similar proedure was already
used in the HADES experiment for the target reonstrution [80℄. The mathematis
behind it are desribed in the following.
Eah trak is dened by a straight line and an be written as:
~x
i
= ~r
i
+ t  ~a
i
8i : 1   N; (7.14)
where ~r
i
is the position vetor of the i
th
trak, ~a
i
is its diretion vetor and t is a parameter
(t 2 <). Let ~r
v
be the vetor pointing to the seondary vertex. The two vetors (~r
i
  ~r
v
)
and ~a
i
span a parallelogram with j(~r
i
  ~r
v
)  ~a
i
j being equal to its area (see gure 7.5).
On the other hand, the area of a parallelogram is also given by multiplying its base with
its height, where the base is just j~a
i
j and the height is the distane d
i
between the trak
and the seondary vertex. Hene, the distane is:
d
i
= j(~r
i
  ~r
v
) a^
i
j; with a^
i
=
~a
i
j~a
i
j
: (7.15)
The point of losest approah between all traks is given as that point, where the distanes
d
i
to eah of the N traks, normalized by their unertainties 
i
, beome minimal:

2
x
v
=

2
y
v
=

2
z
v
= 0 with 
2
=
N
X
i=1
d
2
i

2
i
(7.16)
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The unertainties 
i
assign a weight to the i
th
trak in the determination of the vertex.
Assuming the unertainties 
i
to be onstant, the problem an be solved analytially.
The expression for d
2
i
an be extrated from equation (7.15):
d
2
i
= [(y
i
  y
v
)a
zi
  (z
i
  z
v
)a
yi
℄
2
+
[(z
i
  z
v
)a
xi
  (x
i
  x
v
)a
zi
℄
2
+
[(x
i
  x
v
)a
yi
  (y
i
  y
v
)a
xi
℄
2
(7.17)
Calulating the derivatives of equation (7.16) one obtains:

2
x
v
=
P
N
i=1
2

2
i
f[(z
i
  z
v
)a
xi
  (x
i
  x
v
)a
zi
℄a
zi
  [(x
i
  x
v
)a
yi
  (y
i
  y
v
)a
xi
℄a
yi
g = 0

2
y
v
=
P
N
i=1
2

2
i
f[(x
i
  x
v
)a
yi
  (y
i
  y
v
)a
xi
℄a
xi
  [(y
i
  y
v
)a
zi
  (z
i
  z
v
)a
yi
℄a
zi
g = 0

2
z
v
=
P
N
i=1
2

2
i
f[(y
i
  y
v
)a
zi
  (z
i
  z
v
)a
yi
℄a
yi
  [(z
i
  z
v
)a
xi
  (x
i
  x
v
)a
zi
℄a
xi
g = 0
(7.18)
By rearranging the variables in the system of equations (7.18), and by dening the fol-
lowing matries
A =
N
X
i=1
2

2
i
A
i
=
N
X
i=1
2

2
i
0

a
2
yi
+ a
2
zi
 a
xi
a
yi
 a
xi
a
zi
 a
yi
a
xi
a
2
xi
+ a
2
zi
 a
yi
a
zi
 a
zi
a
xi
 a
zi
a
yi
a
2
yi
+ a
2
xi
1
A
(7.19)
and
B = A
0

x
i
y
i
z
i
1
A
; (7.20)
equations (7.18) an be written in matrix notation as
A
0

x
v
y
v
z
v
1
A
= B)
0

x
v
y
v
z
v
1
A
= A
 1
B (7.21)
and thus be solved to obtain the vertex oordinates.
A ompliation emerges with the fat, that the 
i
's in equation (7.18) are indeed not
onstant. One has to onsider that the trak t, desribed in setion 7.1, itself already
omprises unertainties. Thus, the values of 
i
are dependent on the distanes d
i
. They
an be determined by error propagation:

2
i
(d
i
) =

d
i
x
0
;
d
i
y
0
;
d
i
x
0
;
d
i
y
0

0
B
B


x
0
x
0
0 
x
0
x
0
0
0 
y
0
y
0
0 
y
0
y
0

x
0
x
0
0 
x
0
x
0
0
0 
y
0
y
0
0 
y
0
y
0
1
C
C
A
0
B
B
B

d
i
x
0
d
i
y
0
d
i
x
0
d
i
y
0
1
C
C
C
A
(7.22)
In this notation x
0
; y
0
denote the axis interept of the trak and x
0
; y
0
the slopes. 
kl
= 
lk
stand for the ovarianes of the trak t in the ase of k 6= l and for the varianes in the
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ase of k = l. The trak t is performed independently for the x-z and y-z planes.
Therefore the ovarianes 
x
0
y
0
, 
x
0
y
0
, 
x
0
y
0
and 
x
0
y
0
do not ontribute to the ovariane
matrix in equation (7.22). The slopes x
0
; y
0
an be expressed in terms of the unit diretion
vetor a^
i
:
x
0
=
a
x
a
z
and y
0
=
a
y
a
z
:
(7.23)
Using
~

i
= (~r
i
  ~r
v
) as abbreviation, equation 7.17 an be rewritten as:
d
2
i
= [
yi
a
zi
 
zi
a
yi
℄
2
+ [
zi
a
xi
 
xi
a
zi
℄
2
+ [
xi
a
yi
 
yi
a
xi
℄
2
= (
2
zi
 
2
xi
)a
2
xi
+ (
2
zi
 
2
yi
)a
2
yi
+
2
xi
+
2
yi
 2(
yi

zi
a
yi
a
zi
) + 
xi

zi
a
xi
a
zi
+
xi

yi
a
xi
a
yi
: (7.24)
The next onern are the derivatives (d
i
=x
0
), (d
i
=y
0
), (d
i
=x
0
) and (d
i
=y
0
). For
simpliity rst the derivatives with respet to a
x
and a
y
will be omputed instead of x
0
and y
0
. Using the expressions
(d
2
)
0
= 2dd
0
) d
0
=
(d
2
)
0
2d
(7.25)
and
a
z
a
x
=  
a
x
a
z
;
a
z
a
y
=  
a
y
a
z
with a
2
z
= 1  a
2
x
  a
2
y
(7.26)
one nally obtains:
d
i
x
0
=
(1  a
2
xi
)
xi
  a
xi
(
zi
a
zi
+
yi
a
yi
)
d
i
d
i
y
0
=
(1  a
2
yi
)
yi
  a
yi
(
zi
a
zi
+
xi
a
xi
)
d
i
d
i
a
xi
=
(
2
zi
 
2
xi
)a
xi
+

yi

zi
a
yi
a
xi
a
zi
+

xi

zi
a
2
xi
a
zi
 
xi

zi
a
zi
 
xi

yi
a
yi
d
i
d
i
a
yi
=
(
2
zi
 
2
yi
)a
yi
 
yi

zi
a
zi
+
yi

zi
a
2
yi
a
zi
+
xi

zi
a
xi
a
yi
a
zi
 
xi

yi
a
xi
d
i
:
(7.27)
The derivatives d
i
=x
0
and d
i
=y
0
an now be retrieved by:
d
i
x
0
=
d
i
a
xi
a
xi
x
0
+
d
i
a
yi
a
yi
x
0
=
d
i
a
xi
1  a
2
xi
L
 
d
i
a
yi
x
0
y
0
L
3
d
i
y
0
=
d
i
a
xi
a
xi
y
0
+
d
i
a
yi
a
yi
y
0
=  
d
i
a
xi
x
0
y
0
L
3
+
d
i
a
yi
1  a
2
yi
L
;
(7.28)
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where
L
2
= x
02
+ y
02
+ 1
=
a
2
xi
a
2
zi
+
a
2
yi
a
2
zi
+
a
2
zi
a
2
zi
=
1
a
2
zi
(7.29)
was used. The unertainties 
i
an now be omputed with equation (7.22). The fat
that the vertex oordinates appear in the expression for 
i
has the onsequene that the
problem does not have an analytial solution anymore. Therefore an iterative minimiza-
tion proedure is needed.
In the rst iteration the values for the unertainties 
i
are set to be onstant. A
rst guess of the vertex position an then be obtained solving equation (7.21). Under the
assumption that the 
i
hange only slowly with the vertex, their values an be omputed
in the next iteration by using the vertex position from the previous one. This proedure is
repeated until a onvergene riterion is fullled. This riterion was hosen suh that the
omputation stops if the hanges in the vertex position beome smaller than  = 0; 01 m.
Typially three iterations are needed in order to reah this ondition.
7.3 Resolution of the Detetors
The errors of the points needed as input for the straight line ts mentioned in setion 7.1
are extrated from the mathing between the trak segments of eah detetor. The math-
ing is performed in polar oordinates as most of the traks ome from the targets. One
the resolution of the detetors is determined, the point errors are determined by oordinate
transformation 
x
(; ; z; 

; 

) and 
y
(; ; z; 

; 

).
The errors are extrated from the azimuthal angle dierene  = 
hit
SiDC1
  
hit
SiDC2
between the hits in the two Silion Drift Detetors and  = 
trak
SiDC
  
trak
TPC
between
the SiDC and TPC trak segments. The same applies for the polar angle dierene .
These mathing distributions are parameterized as a funtion of the momentum p and as
a funtion of the polar angle . Furthermore the hits in the SiDC are lassied in single
anode (sgl) and multi anode (mlt) hits. The bakground was determined by a random
rotation of the hits in SiDC2 and the trak segments in the TPC, respetively. Figure 7.6
shows some examples of bakground subtrated mathing distributions. They are tted
with a sum of two Gaussians. The width  is dened as 68:3% of the total integral.
Under the assumption that the Silion Drift Detetors have equal properties, the
SiDC resolution is given by

mlt
SiDC
=
r
1
2
(
mlt;mlt
SiDC1;SiDC2
)
2
(7.30)
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Figure 7.6: Azimuthal and polar mathing. The upper three plots a), b) and ) show
the azimuthal mathing distributions  for a momentum range between 4 and 5 GeV/ and a
range of the polar angle  between 11
Æ
to 12
Æ
. The lower three plots d), e) and f) show the same
for the polar mathing distributions . Plots a) and d) show the hit mathing between the
two SiDC detetors, only onsidering multi anode hits. The same is plotted for a ombination
of a multi with a single anode hit in b) and e). The trak mathing between the SiDC and the
TPC is shown in ) and f).
for multi anode hits, and by

sgl
SiDC
=
q
(
mlt;sgl
SiDC1;SiDC2
)
2
  (
mlt
SiDC
)
2
(7.31)
for single anode hits. The resolution of the TPC is

TPC
=
r
(
trak
SiDC;TPC
)
2
 
1
4
(
mlt;mlt
SiDC1;SiDC2
)
2
(7.32)
if only SiDC trak segments with multi anode hits are used.
The values for the detetor resolution obtained in this way are summarized in
gure 7.7. The resolution of the SiDC detetors is about 

= 1 mrad in the azimuthal
oordinate and 

= 0:2 mrad in the polar oordinate for multi anode hits. As expeted
the resolution of single anode hits remains equal for 

but deteriorates signiantly for
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

: C
0


: C
1


: C
0


: C
1
8
Æ
<  < 10
Æ
0.001160 0.000794 0.000198 0.000130
SiDC 10
Æ
<  < 11
Æ
0.000995 0.000810 0.000192 0.000139
multi 11
Æ
<  < 12
Æ
0.000916 0.000836 0.000190 0.000154
anode 12
Æ
<  < 13
Æ
0.000848 0.000928 0.000189 0.000167
13
Æ
<  < 15
Æ
0.000863 0.000787 0.000193 0.000178
8
Æ
<  < 10
Æ
0.006759 0.000794 0.000249 0.000130
SiDC 10
Æ
<  < 11
Æ
0.005741 0.000810 0.000230 0.000139
single 11
Æ
<  < 12
Æ
0.005193 0.000836 0.000168 0.000154
anode 12
Æ
<  < 13
Æ
0.004516 0.000928 0.000193 0.000181
13
Æ
<  < 15
Æ
0.003543 0.000787 0.000203 0.000178
8
Æ
<  < 10
Æ
0.002487 0.010029 0.000659 0.001381
10
Æ
<  < 11
Æ
0.002176 0.008810 0.000588 0.001378
TPC 11
Æ
<  < 12
Æ
0.001943 0.008426 0.000543 0.001465
12
Æ
<  < 13
Æ
0.001794 0.007893 0.000498 0.001623
13
Æ
<  < 15
Æ
0.001738 0.007753 0.000669 0.001623
Table 7.1: Fit parameters of the detetor resolution. The table ontains the values
for the t parameter C
0
and C
1
aording to equation (7.33) and gure 7.7.


. The steep rise of the TPC resolution for low momenta has its origin due to multiple
sattering in the RICH2 mirror. For high momenta the TPC an reah a resolution of


= 2:3 mrad and 

= 0:6 mrad. The strong dependene of the TPC resolution on
the polar angle  is explained by diusion, whih aets eletron louds with long path
length. Additionally the dereasing number of hits per traks in the TPC has an impat
on the resolution in the outer range 13
Æ
<  < 15
Æ
.
The resolution was tted with the funtion
 =
s
(C
0
)
2
+

C
1
p

2
: (7.33)
The rst term refers to the onstant point resolution of the detetor. The seond term de-
sribes the deterioration of the resolution due to multiple sattering whih predominantly
eets the TPC at low momentum. The oeÆients C
0
and C
1
are listed in table 7.1.
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Figure 7.7: Detetor resolution versus momentum. The left plot shows the azimuthal
angle resolution 

of SiDC multi anode hits (lled irle), SiDC single anode hits (open irles)
and of the TPC (lled triangles). The right plot shows the same for the polar angle resolution 

.
The resolution is plotted as a funtion of the momentum p and of the polar angle .
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Figure 7.8: bep parameter versus momentum and number of anodes. The gures
show the bep parameter in overlay Monte Carlo for dierent pair p
T
seletions. The upper row
is plotted for traks with at least one single anode hit in the SiDC detetors. The lower row
ontains only traks with multi anode hits.
7.4 Bak Extrapolated Momentum Vetor
The momentum vetor of a mother partile is given by the sum of the momentum vetors
of its daughters. This vetor should point bak to the primary interation region in one
of the targets (ompare gure 7.4). This is quantied by the radial distane between the
bak extrapolated momentum vetor of the mother partile to the primary interation
region and denominated as bep parameter.
The measurement of the absolute momentum of a partile is performed with the
TPC, as desribed in hapter 5. In this analysis the individual omponents p
x
, p
y
, and p
z
are realulated by multiplying the momentum with the unit slope vetor obtained from
the trak ts. Thus the bep parameters depends strongly on the momentum resolution in
the TPC and the pointing resolution of the trak ts, as an be seen in gure 7.8.
A large fration of 67% from all two trak ombinations ontain traks with at least
one single anode hit in the Silion Drift Detetors. It is thus lear that a ut exluding
these traks in order to improve vertex resolution implies a signiant loss of statistis.
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Figure 7.9: Bakground suppression by a bep parameter ut. The plots show a
K
0
S
! 
+

 
analysis of 3:4 million events, one without using a bep parameter ut (upper row)
and one requiring bep < 200 m (lower row). Plots a) and d) show the distribution of the
seondary vertex z
sv
oordinate, b) and e) show the distribution of the bep parameter, and )
and f) the invariant mass spetra.
The remaining 33% belong to traks with multi anode hits. Of these only 28% have a
bep parameter smaller than 200 m. For the trak ombinations ontaining at least one
single anode hit this number is 16%. The right part of the distribution with bep > 200 m
originates from mismathes between the TPC and the SiDC trak segments or from mis-
mathes between the hits in SiDC1 and SiDC2. It is removed by applying a ut on the

2
probability of the straight line ts of the traks, whih will be explained in detail in
setion 8.2.6.
The power of the bep parameter ut is demonstrated in gure 7.9. It shows
a K
0
S
! 
+

 
analysis one without a bep parameter ut and one with a ut of
bep < 200 m. For pairs of primary partiles the bep parameter has by denition small
values and therefore it is only a useful quantity if in addition a ut on the seondary
vertex z
sv
oordinate is applied. In gure 7.9 a ut of z
sv
> 1:5 m is hosen. Further-
more, a ut of p
T
> 200 MeV/ was required on the single trak transverse momentum
and an opening angle ut of  > 0:1 rad. Only trak and seondary vertex ts are on-
sidered whih passed a 
2
probability ut of P

2
> 0:01. Contamination in the invariant
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mass spetrum from misidentied  baryons is leaned by an Armenteros-Podolanski ut
of q
T
> 0:11 MeV/ (see appendix A). Traks ontaining single anode hits in the SiDC
detetors are exluded. The bakground is drawn as dashed line and is obtained by the
mixed events tehnique (see setion 8.3.1 for more details). No partile identiation via
dE=dx in the TPC is used. The invariant mass spetra in gure 7.9 are plotted assuming
that all traks have the pion mass. For 3:4 million analyzed events the appliation of the
bep parameter ut is able to improve the signiane S=
p
B from 31 to 733.
7.5 Additional Corretions
The present analysis is sensitive to the seondary vertex resolution. Therefore, two ad-
ditional orretions are applied on top of the overall alibration. The rst one is the
determination of a mathing orretion between a TPC and a SiDC trak segment [79℄.
The distribution  = 
SiDC
 
TPC
is plotted dierentially as a funtion of the azimuthal
and polar angle  and , and as a funtion of the inverse momentum 1=p and the numbers
of responding anodes in the SiDC detetors. The mathing orretion or

math
is deter-
mined as the shift of the mean value of the distributions from zero. The same applies for
or

math
.
Under the assumption that the preision of the SiDC detetors is higher, the mathing
orretion is added to 
TPC
and 
TPC
, respetively. The orretness of this statement an
be judged from gure 7.10. It shows a omparison of the azimuthal angle distribution of
the TPC before and after appliation of the mathing orretion. The traks used for the
plots are tted aording to setion 7.1. It an be observed that the borders to dead pads
or front-end-boards beome sharper one the orretion is applied. The slight valley in
the distribution around  2 < 
TPC
< 0 and 2:25 < 
TPC
< 2:5 rad an be asribed to
ineÆienies in the SiDC detetors. They develop if only multi anode hits are required.
The seond orretion is the determination of the nonlinearities in the SiDC detetors
following the work desribed in setion 6.4. Unfortunately, the SiDC trak segment annot
be used as an approximation for the true value 
true
beause it is obtained from only two
hits. As a replaement the TPC trak segment is used. The nonlinearities for the SiDC
detetor are derived by plotting  = 
TPC;trak
 
SiDC;hit
versus a fration of an anode.
The orretion is determined separately for SiDC1 and SiDC2, for positive and negative
magneti eld and for 2 and 3 anode lusters. The orretion needed for the hits is
< 0:1 mrad for SiDC1 and < 0:2 mrad for SiDC2.
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Figure 7.10: Improvements due to mathing orretion. The azimuthal angle of
the TPC is plotted for traks onstruted with the proedure desribed in setion 7.1. If the
mathing orretion is applied to the third t point obtained from the TPC, the dips in the
distribution beome more pronouned.
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Chapter 8
Aeptane and EÆieny
Charm quarks are less frequently produed in hadroni ollisions than strange quarks. It
is therefore appropriate to test the seondary partile reonstrution sheme presented
in the previous hapter with strange partiles. The deay length has to be short to be
able to reonstrut the seondary vertex within the limited region of 10:4 m given by the
distane between the rst Silion Drift Detetor and the target area. The abundant K
0
S
meson, deaying into two harged pions with a branhing ratio of 68:95%, has a deay
length of  = 2:68 m [66℄ and thus fullls the required onditions.
The hapter starts with a detailed study of the aeptane and the eÆieny using
as referene the deay K
0
S
! 
+

 
. A measurement of the K
0
S
rapidity density dN=dy
and the inverse slope parameter T is presented and ompared to existing measurements.
In this way the systemati unertainty of the eÆieny is derived.
8.1 Aeptane
The aeptane in the CERES spetrometer is 8
Æ
<  < 14
Æ
for the polar angle at full
azimuthal overage. For the reonstrution of the seondary vertex it is in addition
required that a partile deays upstream the rst Silion Drift Detetor loated 10.4 m
downstream the target system. The alulation of the number of partiles falling in
the aeptane of the spetrometer and passing SiDC1 is performed using a kinemati
generator [81℄. A shemati piture of the alulation is shown in gure 8.1. The deay
point is marked with a small irle and has the oordinates (x
sv
; y
sv
; z
sv
). Partiles oming
from z
sv
> 10:4 m are rejeted. To onsider the spetrometer aeptane one has to be
aware that a simple ut on the polar angle is not suitable for seondary traks. Therefore
the angle  is translated into a radius r at a distane
z
r
=
r
max
tan 
max
=
130:8 m
tan(14
Æ
)
= 542:61 m: (8.1)
In this equation the maximal radius r
max
is given by the outer barrel of the TPC. The
minimal radius is given by r
min
= 73:7 m using 
min
= 8
Æ
. Thus, a partile is aepted
if its radius
r = tan 
sv
 (z
r
  z
sv
) + r
sv
(8.2)
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Figure 8.1: Sheme for the alulation of the aeptane. The loal angle 
sv
of a
seondary trak diers from the polar angle  as determined from the origin of the oordinate
system. Therefore the polar angle overage of the spetrometer 
min
<  < 
max
is translated
into a radial overage r
min
< r < r
max
at the distane z
r
.
fullls the ondition 73:7 m < r < 130:8 m at z
r
= 542:61 m.
8.2 EÆieny
The reonstrution eÆieny of the D
0
and the K
0
S
meson is determined using a full
overlay Monte Carlo simulation and applying the same uts as in the analysis of the data.
The error of the eÆieny is given by the quality of the agreement between simulation
and data whih has to be veried.
This setion starts with a desription of the overlay Monte Carlo proedure, followed
by a omparison of the relevant single trak distributions between simulation and data.
The momentum resolution is tested by measuring the mass resolution of the K
0
S
. The
vertex resolution is heked by reonstruting the targets using the seondary partile
reonstrution sheme. Furthermore, a san is performed for eah individual ut and the
results are ompared to the simulation. The setion ends with a desription of the ut on
the 
2
probability of the straight line ts and its adjustment in the simulation.
8.2.1 Full Overlay Monte Carlo Simulation
The eÆieny for the D
0
analysis is determined with a full overlay Monte Carlo simu-
lation. For this purpose 1 million D
0
! K
+

 
deays are reated using the aforemen-
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tioned kinemati generator and requiring the onditions desribed in setion 8.1. The
transverse momentum distribution of the D
0
is simulated with an inverse slope param-
eter of T = 205 MeV/
2
. The rapidity density is sampled with a Gaussian funtion of
width 
y
= 0:6. These parameters are idential to those obtained from the PYTHIA
event generator [47℄ desribed in more detail in setion 9.2.
The deay kaons and pions are passed through a GEANT [68℄ simulation of the
CERES spetrometer. The simulated partiles are embedded into 50 dierent runs and
reonstruted with the the C++ pakage COOL desribed in hapter 5. The seleted
runs sample the multipliity distribution of the data taken during the beam time. The
embedding of the simulation into real events is alled overlay Monte Carlo. It provides a
more realisti desription of problems related to the large amount of bakground in a real
event. The simulation is adjusted to desribe the measured residuals of gure 6.22.
The rapidity density of the D
0
meson, the opening angle and the seondary ver-
tex distribution is shown in gure 8.2 as a funtion of the transverse momentum of the
D
0
meson. Within the aeptane of the CERES spetrometer the phase spae between
2:1 < y < 2:5 and 0 < p
D
0
T
< 1:6 GeV/
2
is oupied. The opening angle is large, starting
at around 0.25 rad. The deay position of the D
0
meson is in the range of few millimeters.
The eÆieny is ross heked with the referene deay K
0
S
! 
+

 
. The simulation
of 1 millionK
0
S
mesons is performed in the same way as desribed above. An inverse slope
parameter of T = 220 MeV/
2
is used, estimated from [82℄. The width of the rapidity
distribution is set to 
y
= 1:2 [83℄.
The same kinemati variables as in gure 8.2 are shown in gure 8.3 for theK
0
S
meson.
The bulk of the K
0
S
mesons are reonstruted within a rapidity range of 2 < y < 2:5
and a transverse momentum range of 0:1 < p
K
0
S
T
< 1 GeV/. The opening angle in the
spetrometer ranges from about 0:1 to 0:4 rad and is strongly antiorrelated with p
K
0
S
T
.
The deay position of the K
0
S
is reonstrutable up to 5 m.
8.2.2 Comparison of Single Trak Variables
As starting point for eÆieny heks the angular distribution of the traks from the
straight line ts (see setion 7.1) are examined. This is shown in gure 8.4. The holes in
the distribution are due to dead eletroni devies either in SiDC1, SiDC2 or TPC. They
are well reprodued by the simulation.
Another important issue is the number of single anode hits in the Silion Drift De-
tetors. It has been shown in gure 7.7 that the resolution of single anode hits is worse
than of multi anode hits. A dierent number of single anodes in the data than in the
simulation would thus result in a dierent resolution of the seondary vertex and of the
bep parameter. Although all dead anodes are inluded in the simulation, the distribu-
tion of the number of anodes shows dierenes between data and simulation. Therefore,
8% randomly seleted anodes in SiDC1 are assigned to be a dead anode. SiDC2 is left
unhanged. The distributions obtained after this adjustment are shown in gure 8.5.
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Figure 8.2: Kinemati variables of the
D
0
. The plots show some kinemati variables
of the D
0
meson within the aeptane of the
CERES spetrometer. (a) shows the rapidity,
(b) the opening angle and () the deay point
distribution versus the transverse momentum
of the D
0
meson.
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Figure 8.3: Kinemati variables of the
K
0
S
. For omparison the plots show the same
kinemati variables as gure 8.2 for the K
0
S
meson.
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Figure 8.4: Azimuthal distribution of the traks. For the omparison of the azimuthal
trak distribution the same aeptane ut is used for the simulation and for the data. The
aeptane ut depends on the number of tted hits per trak and is shown in gure 8.12.
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Figure 8.5: Distribution of the Number of Anodes in a SiDC hit. For the seondary
partile reonstrution sheme it is important that the amount of single anode hits in SiDC1
and SiDC2 is similar in the data and in the simulation.
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The ratio R of the number of traks ontaining at least one single anode hit to the
number of traks ontaining only multi anode hits is R = 0:52 in the data. This large
number shows how essential it is to inlude traks with single anode hits in the analysis.
The same ratio in overlay Monte Carlo is R = 0:51 after the adjustment of single anodes
in SiDC1.
Another modiation onerns the dierential energy loss dE=dx in the Silion Drift
Detetors. The position of the mean and width of the distribution are adapted in the
simulation to resemble the data. Originally a ut on the dE=dx of SiDC was planned to
exlude unresolved double traks. Suh a ut beomes redundant one an opening angle
ut is applied.
8.2.3 Comparison of Momentum Resolution
The momentum resolution of the CERES experiment given by equation (5.8) is deter-
mined by omparing the reonstruted momenta of traks from an overlay Monte Carlo
simulation with their true momenta. The momentum resolution obtained from the simu-
lation an be veried using the deay K
0
S
! 
+

 
. The invariant mass of the K
0
S
meson
with m
K
0
S
= 497:65 MeV/
2
[66℄ is given by
m
K
0
S
=
q
m
2

+
+m
2

 
+ 2E

+
E

 
  2~p

+
 ~p

 
; (8.3)
where m

= 139:57 MeV/
2
[66℄ is the pion mass and E

the pion energy. The ontribu-
tion of the pion masses to the mass of the K
0
S
is small. Thus, the mass resolution of the
K
0
S
is sensitive to the momentum resolution.
Figure 8.6 shows a omparison between the reonstruted invariant mass position
and the width of the K
0
S
between overlay Monte Carlo and data. For the omparison
the uts summarized in table 8.2 are used. The invariant mass position is displayed in
form of an oset  = m
re
  m
K
0
S
between the reonstruted K
0
S
mass m
re
and its
nominal value m
K
0
S
. The shape is well desribed by the simulation. A small mass oset
of the order of few MeV/
2
is observed at low and high p
K
0
S
T
. The situation remains
unhanged if the reonstruted angles 
re
and 
re
of the traks are substituted in the
simulation by the true angles 
true
and 
true
. If, on the other hand, the reonstruted
momentum p
re
is substituted by the true momentum p
true
the mass oset beomes at
over the whole p
K
0
S
T
range with 
m
 0. Furthermore, the same mass oset as shown in
gure 8.6 is seen if a simulation is used where all the K
0
S
mesons are fored to deay in the
targets ( = 0 m). These observations indiate a bias in the momentum determination.
However, the eet is small as ompared to the average mass resolution of the K
0
S
with

m
= 13:21 0:05 MeV/
2
, indiating that the momentum bias is small as ompared to
the momentum resolution p.
The inrease of the mass resolution with the transverse momentum of the K
0
S
reets
the shape of the momentum resolution shown in gure 5.11. At low p
K
0
S
T
the mass resolu-
tion as obtained from data is somewhat worse than the simulation, although the overall
agreement is satisfatory.
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Figure 8.6: K
0
S
mass oset and width. The invariant mass oset and width of the K
0
S
peak is plotted as a funtion of the transverse momentum of the K
0
S
meson. The points are
onneted by a line to guide the eye.
8.2.4 Comparison of Seondary Vertex Resolution
The presented analysis sheme is based on a seondary vertex ut to diminish the large
ontribution of target traks. The resolution of the seondary vertex is determined in
overlay Monte Carlo by omparing the reonstruted deay position of a simulated partile
with its nominal value. For the D
0
it is given by
(x
sv
;y
sv
;z
sv
) = (49 m; 50 m; 348 m): (8.4)
An improvement of about 7% is obtained if only traks with multi anode hits in both
SiDC detetors are onsidered. The K
0
S
has a worse resolution of
(x
sv
;y
sv
;z
sv
) = (132 m; 135 m; 1181 m); (8.5)
due to the lower momentum range of the deay pions.
The seondary vertex resolution an be ompared to the target width if the same
reonstrution proedure is used. Figure 8.7 a) and d) show the 13 targets of the CERES
experiment reonstruted by either using two or three points for the straight line ts of the
traks. An additional ut on the single trak transverse momentum of p
T
> 500 MeV/ is
applied to the data in order to represent the same momentum region as the kaon and pion
traks from the D
0
deay. Furthermore, only traks with multi anode hits in both SiDC
detetors are aepted to avoid eets related to a possible dierent number of single
anode hits in the data and in the simulation whih might result in dierent values for the
resolution. A magniation of the target region is shown in gure 8.7 b) and e) together
with a Gaussian t. The target width obtained in this way is in good agreement with the
88 CHAPTER 8. ACCEPTANCE AND EFFICIENCY
 [cm]targetz
-12 -11 -10 -9
Co
un
ts
0
5000
10000
2x10
a) datatarget
straight line fits from 2 hits (SiDC1, SiDC2)
straight line fits from 3 hits (SiDC1, SiDC2, TPC)
 [cm]targetz
-12 -11 -10 -9
Co
un
ts
0
500
1000
1500
3x10
d) datatarget
 [cm]targetz
-10.6 -10.4 -10.20
5000
10000
2x10
b)
mµ 0.5) ± = (550.7 zσ
data
target
 [cm]targetz
-10.6 -10.4 -10.20
500
1000
1500
3x10
e)
mµ 0.1) ± = (326.4 zσ
data
target
 [cm]svz∆
-0.2 -0.1 0 0.1 0.20
500
1000
c)
mµ 4.2) ± = (547.4 zσ
-pi+K→0D
ovMC
 [cm]svz∆
-0.2 -0.1 0 0.1 0.20
500
1000
1500
2000
f)
mµ 2.0) ± = (325.0 zσ
-pi+K→0D
ovMC
Figure 8.7: Veriation of the seondary vertex resolution. Plots a) and d) show
the 13 targets of the CERES experiment reonstruted with the analysis sheme presented in
hapter 7. Only traks with multi anode hits in the SiDC detetors with p
T
> 500 MeV/ are
onsidered. Plots b) and e) show a magniation of the reonstruted targets. The target width
obtained from a Gaussian t agrees with the seondary vertex resolution of the D
0
shown in )
and f).
seondary vertex resolution of the D
0
meson, shown in gure 8.7 ) and f). Remarkable
is that the third point from the TPC on the straight line ts of the traks improves the
vertex resolution by 40%. This is expeted beause the high momentum traks from the
deay of the D
0
meson have a very good pointing from the TPC to the SiDC.
8.2.5 San of Cut Parameters
Ideally, the orretness of the eÆieny determination ould be proven by showing that
the fration of the K
0
S
yield lost by the appliation of a ut is the same in data as in
simulation. This would imply the knowledge of the number of K
0
S
without any ut. In
this ase, however, the signiane of the K
0
S
is too small, making suh a measurement
impossible. Still, it is possible to prove that the resolution of a ut parameter is understood
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Figure 8.8: San of z
sv
, p
T
, and bep ut parameter. To show the agreement between
overlay Monte Carlo and data eah ut parameter is sanned while xing the others.
by sanning this parameter, while xing the others, and omparing the behavior of the
data and the simulation under the the inuene of this ut. This is shown in gure 8.8.
Plot a) shows a san of the seondary vertex ut for the values z
sv
> 0:5, 1, 1:5, 2, and
2:5 m, while the other uts are xed to p
T
> 150 MeV/ and bep < 200 m. For eah
set of uts the K
0
S
yield is determined. The yield obtained from the data and from the
simulation is arbritrarily normalized to the orresponding yield obtained at z
sv
> 1 m.
The gure shows that the data and simulation behave similarly.
In a similar way the single trak transverse momentum ut is sanned in gure 8.8 b)
for the values p
T
> 150, 200, 250, 300, and 350 MeV/, while xing bep < 200 m
and z
sv
> 1 m. The yields are normalized to the yield at p
T
> 200 MeV/. Data and
simulation show a good agreement exept for the rst point at 150 MeV/. For this reason
a single trak transverse momentum ut of p
T
> 200 MeV/ is hosen for the following
K
0
S
analysis. A harder ut of p
T
> 400 MeV/ is hosen for the D
0
analysis.
Unfortunately the same proedure fails if applied to san the bep parameter while
xing z
sv
> 1 m and p
T
> 200 MeV/. Additional requirements on the quality of the
trak t are needed. This is done by using a ut on the 
2
probability of the straight line
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Figure 8.9: Correlation between bep parameter and 
2
probability of the straight
line ts. The two omponents of the bep parameter ut seen in gure 7.8 emerge at dierent
P
line

2
values. The broad omponent appears almost exlusively at P
line

2
 0. The narrow
omponent at around 80 m is equally distributed along all P
line

2
values.
ts P
line

2
, whih will be explained in more detail in the next setion.
As seen in gure 7.8 the bep parameter distribution has two omponents. The rst
omponent is narrow and peaks at 80 m, while the seond omponent is very broad
and peaks at around 600 m. The broad omponent is due to mismathes between the
TPC and the SiDC trak segments and disappears ompletely one a 
2
probability ut is
applied. If lean Monte Carlo is used, the seond omponent is not even present beause
a mismath between TPC and SiDC beomes rare. It has to be pointed out that the
simulation only ontains partiles deaying upstream SiDC1.
The orrelation between the bep parameter and P
line

2
is plotted in gure 8.9, using a
logarithmi sale for the vertial axis. The broad omponent of the bep parameter appears
mainly at P
line

2
 0, while the narrow omponent at around 80 m is equally distributed
along all P
line

2
values, as expeted. Thus, using a bep parameter ut of bep < 200 m
impliitly rejets a large fration of traks with P
line

2
 0.
One a ut of P
line

2
> 0:05 is used to san the bep parameter, the agreement between
the data and the simulation is satisfatory, as seen in gure 8.8 ). In this ase the yield
obtained without applying a bep parameter ut is used for the normalization. Summarizing
these results, it has been shown that the single trak p
T
ut, the seondary vertex ut z
sv
and the bep parameter ut are understood. The remaining task is to study the agreement
of the 
2
probability between the data and the simulation.
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Figure 8.10: 
2
probability of the straight line ts. Plot a) shows the 
2
probability
of the straight line ts in the x-z plane and y-z plane in double logarithmi sale. The same
is plotted in b) in linear sale. The distributions are obtained from the data. The vertial line
indiates the ut used in the analysis.
8.2.6 
2
probability
The 
2
probability is a number between 0 and 1 that desribes how likely it is that for
a given number of degrees of freedom, the 
2
ould be greater than the reported 
2
. A
very small 
2
probability indiates that it is unlikely that the measurement is onsistent
with the expetation.
The straight line ts of the traks are performed in the x-z plane and y-z plane.
For both a 
2
probability is dened, named as P
line;x

2
and P
line;y

2
, respetively. Often
the abbreviation P
line

2
is used to refer to both quantities. The distributions of P
line;x

2
and
P
line;y

2
are plotted for data in gure 8.10, one in double logarithmi (a) and one in linear
sale (b). The large peak at P
line

2
< 0:05 arises from traks, where the errors of the three
points are too small to desribe their distane to the t. Thus, most of the mismathes
between the TPC and the SiDC trak segments will show up there. Also seondary traks
from partiles deaying after SiDC1 or SiDC2 will have low P
line

2
values. By denition
these traks do not have a real math to the SiDC detetors. To signiantly redue the
amount of mismathed traks, and thus of bakground, a ut of P
line

2
> 0:05 is used, as
indiated by the vertial line in gure 8.10.
The 
2
probability of the straight line ts is not well desribed by the simulation.
The dierenes depend on the momentum and the polar angle  of the traks. Thus, the
ut of P
line

2
> 0:05 used in the data has to be adjusted in the simulation, suh that the
same number of traks normalized to the total number of traks in a given momentum
and polar angle range is aepted.
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The simulation has to desribe the oktail of partiles arising from an ultrarela-
tivisti heavy-ion ollision in order to inlude all eets that might have an inuene
on the 
2
probability of the straight line ts, for example late deays. For this pur-
pose 9000 Pb-Au ollisions at 6:5% entrality are generated with the Ultrarelativisti
Quantum Moleular Dynamis model (UrQMD) [84, 85℄, passed through a GEANT [68℄
simulation of the CERES spetrometer, and reonstruted with the C++ pakage COOL.
The simulation is performed one in a lean mode, and one embedding it in real events.
The lean UrQMD simulation underestimates the hit multipliity in the TPC by a fator
of 4, while the hit multipliity in the SiDC is reprodued. On the other hand, the overlay
UrQMD simulation overestimates the SiDC hit multipliity by a fator of 2, while the
TPC hit multipliity is better desribed (fator 1.3).
The full irles and full lines in gure 8.11 show the P
line

2
ut as determined with the
overlay UrQMD simulation. The orresponding ut of P
line

2
> 0:05 as used in the data is
indiated with the dashed line. The P
line

2
ut from the lean UrQMD simulation is drawn
with dotted lines. The momentum dependene of the P
line

2
ut used in the simulation is
tted by the empirial funtion:
f(p) = C
0
e
 
p
p
+ C
1
+ C
2
p: (8.6)
The parameters are summarized in table 8.1. The steep rise at low momentum reets
the aforementioned underestimation of mismathes between the TPC and SiDC trak seg-
ments. The dependene of the polar angle  of the trak beomes stronger with inreasing
hit multipliity.
The adjustment of the P
line

2
ut gives rise to a systemati unertainty in the deter-
mination of the eÆieny, beause neither the lean nor the overlay UrQMD simulation
simultaneously desribe the hit multipliity in the SiDC and TPC. The two simulations
thus allow to estimate the upper and lower boundary of the eÆieny, the truth lying
somewhere in between.
Besides the straight line ts of the trak, also a seondary vertex t is used in the
analysis. This means that in addition a ut on the 
2
probability of the seondary vertex
t is needed. This quantity is labeled P
vtx

2
. The eet of this ut has been studied in
the analysis of the K
0
S
desribed in the next setion. If the analysis is performed with or
without a ut of P
vtx

2
> 0:05 the result hanges by 5%.
8.3 p
T
Spetrum of K
0
S
The eÆieny is further ross-heked by measuring the K
0
S
p
T
spetrum and omparing
the results to a referene measurement from [86℄. The referene measurement is performed
with the CERES spetrometer, but only using the TPC and a redued set of uts. The
entrality seletion of both analyses are the same. The results will also be ompared to
measurements from the NA49 [83, 87℄ and the NA57 ollaborations [88, 89℄.
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Figure 8.11: Adjustment of the P
line

2
ut. A ut of P
line

2
> 0:05 is used in the data. To
rejet the same fration of traks a momentum and polar angle dependent ut has to be applied
in the simulation, as shown by the olored lines. The P
line

2
ut adjustment is determined using a
UrQMD simulation. The simulation is performed one in a lean and one in an overlay mode.
P
line;x

2
P
line;y

2
C
0
C
1
C
2
C
0
C
1
C
2
8
Æ
<  < 10
Æ
0.3150 0.0691 0.0025 0.3548 0.0554 0.0025
lean 10
Æ
<  < 11
Æ
0.3781 0.0592 0.0030 0.4044 0.0465 0.0030
UrQMD 11
Æ
<  < 12
Æ
0.4327 0.04531 0.0035 0.4495 0.0322 0.0035
simulation 12
Æ
<  < 13
Æ
0.4911 0.0301 0.0040 0.5215 0.0134 0.0040
13
Æ
<  < 15
Æ
0.4696 0.0356 0.0040 0.5284 0.0113 0.0040
8
Æ
<  < 10
Æ
0.2846 0.0847 0.0020 0.3142 0.0704 0.0020
overlay 10
Æ
<  < 11
Æ
0.3080 0.0653 0.0025 0.3558 0.0447 0.0025
UrQMD 11
Æ
<  < 12
Æ
0.3241 0.0471 0.0030 0.3602 0.0299 0.0030
simulation 12
Æ
<  < 13
Æ
0.3856 0.0252 0.0030 0.3963 0.0145 0.0030
13
Æ
<  < 15
Æ
0.3379 0.0306 0.0030 0.3781 0.0091 0.0030
Table 8.1: Fit parameters of the P
line

2
ut adjustment. The table ontains the values
for the t parameters aording to equation (8.6) and gure 8.11.
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Figure 8.12: Aeptane Cut in the TPC. The ut on the polar angle 
TPC
of the TPC
trak segment takes into aount that at large 
TPC
the traks leave the TPC earlier. These
traks have by denition a smaller number of hits per trak.
8.3.1 Analysis
The K
0
S
analysis is based on 18:8 million events at 7% entrality, omprising the alibra-
tion units 146 to 415 (end of the run). The resolution of the data from the alibration
units 1 to 145 does not satisfy the high requirements in pointing preision between TPC
and SiDC needed for the seondary vertex reonstrution sheme. For the rst 80 units
the jitter of the TPC was not measured resulting in a worse drift time resolution. The data
of the units 81 to 145 is rejeted due to an unstable gas omposition in the TPC during
the beam time, whih was monitored with less preision using a CO
2
analyzer instead of
the drift veloity monitor.
The analysis is performed by ombining all positive traks with all negative traks
within eah event. For both traks the pion mass is assumed and the invariant mass m

is alulated aording to equation (8.3). Only events with an interation position lying
within 0.9 mm with respet to the losest target are onsidered, the distane between two
targets being approximately 2 mm (ompare gure 5.2). In the following this proedure
is alled same events analysis. The bakground distribution is obtained by ombining
the positive traks of a given event with all negative traks of ten other randomly hosen
events within the same burst (1 burst  400 events), and vie versa. The mixing of two
events is performed within the same target and the trak multipliity should not dier by
more than 10%. This proedure is alled mixed events analysis.
A polar angle ut is applied on the aeptane of the TPC aording to gure 8.12.
The upper and lower ut of 0:1396 rad < 
TPC
< 0:2443 rad onsiders the geometrial
overage of the spetrometer. In order to obtain a reasonable momentum t at least
12 tted hits are required for the TPC trak segments. At large polar angles the traks
do not traverse the whole TPC barrel. Here the requirements for the number of tted
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Figure 8.13: Armenteros-Podolanski Plot for the K
0
S
. The uts  > 0:1 rad,
bep < 200 m, z
sv
< 1:5 m and P

2
> 0:01 are used to obtain a lear K
0
S
signal in the
Armenteros-Podolanski plane. The small ontribution of misidentied  baryons an be ex-
luded by using a ut on the transverse momentum in ight diretion of the mother partile
of q
T
> 0:11 GeV/. The ut is drawn as dashed line. The solid lines for the K
0
S
and  are
alulated aording to the formulas in appendix A.
hits is relaxed to 10 tted hits for the range 0:22 rad < 
TPC
< 0:24 rad and to 8 tted
hits for 0:24 rad < 
TPC
.
Analyses performed without partile identiation often suer from the problem that
misidentied resonanes, whih are reonstruted with the wrong mass assumption of the
daughters, fall in the same mass range as the onsidered one. However, kinematial on-
siderations still enable to suppress unwanted ontributions. A powerful method is to apply
a ut in the q
T
- plane of the Armenteros-Podolanski plot [90℄, where q
T
is the transverse
momentum with respet to the ight diretion of the mother partile, and  is an asym-
metry variable omprising the longitudinal momentum q
L
. A detailed desription about
this topi an be found in appendix A. Figure 8.13 shows the Armenteros-Podolanski plot
as obtained with an adequate hoie of uts from the data. The remaining ontributions
are mostly the K
0
S
and the  meson. A ut of q
T
> 0:11 MeV/ in the q
T
- plane is
suÆient to suppress the  baryon. A summary of the uts used in the K
0
S
analysis an
be found in table 8.2.
The total number of olleted K
0
S
mesons is 168315. The analysis is performed die-
rentially in ten equidistant p
K
0
S
T
bins in the range 0 < p
K
0
S
T
< 2 GeV/ and three equidistant
rapidity bins in the range 2:0 < y < 2:6. Examples of the raw invariant mass spetra of
the same and the normalized mixed events analyses are shown in gure 8.14. To extrat
the normalization onstant the invariant mass distribution in the same events sample
is divided by the analog distribution in the mixed events sample. The ratio is tted
by a Gaussian on top of the normalization onstant. The mixed events distribution is
then multiplied with this onstant and subtrated from the same events distribution.
The resulting signal spetrum is tted with a Gaussian funtion for the K
0
S
yield and a
96 CHAPTER 8. ACCEPTANCE AND EFFICIENCY
polar angle 0:1396 < 
TPC
< 0:2443
Armenteros-Podolanski q
T
> 0:11 GeV/
single trak transverse momentum p
T
> 200 MeV/
opening angle  > 0:05 rad

2
probability of the line t P
line

2
> 0:05

2
probability of the vertex t P
vtx

2
> 0:05
seondary vertex z
sv
> 1 m
bep parameter bep < 200 m
Table 8.2: Cuts for the K
0
S
analysis. The table ontains a ompilation of the uts used in
the K
0
S
analysis.
polynomial of rst order for a possible residual bakground ontribution. The unorreted
K
0
S
yields obtained in this way are shown in gure 8.15 ) for eah p
K
0
S
T
and y bin.
Also the aeptane and the eÆieny are determined for eah dierential spetrum,
as shown in gure 8.15 a) and b). Using further the number of analyzed events and the
branhing ratio for the deay K
0
S
! 
+

 
, the quantity dN=(p
T
dydp
T
) is alulated and
plotted versus the transverse momentum of the K
0
S
meson, as shown in gure 8.15 d).
The p
T
spetrum is tted with the exponential funtion
d
2
N
p
T
dy dp
T
=
dN=dy
T (T +m)
 e
 
p
m
2
+p
2
T
 m
T
: (8.7)
Form the invariant mass of the K
0
S
meson m
K
0
S
= 497:65 MeV/
2
is used. The position of
the data points within the bins are alulated aording to [91℄. The parameters obtained
from the ts are the inverse slope parameter T and the rapidity density dN=dy. The
results are disussed in the next setion.
8.3.2 Results and Conlusions for the EÆieny
Figure 8.16 shows a ompilation of the t results from the K
0
S
p
T
spetrum of gure 8.15
in omparison to other measurements. The three values for the rapidity density dN=dy
obtained in this work are shown in gure 8.16 a) as irles. The orresponding values for
the inverse slope parameter T are shown in plot b). The referene measurement from [86℄
is drawn as squares and the orresponding t results as dashed lines. Both are CERES
measurements for 158 AGeV/ Pb-Au ollisions at 7% entrality, but using two dierent
philosophies in the analysis sheme. The referene measurement is solely based on the
information of the TPC. The triangles and dotted lines indiate the results obtained by the
NA49 ollaboration for Pb-Pb ollisions at 5% entrality [83, 87℄. The NA49 measurement
is saled by a fator of 0:938 using the number of partiipating nuleons N
part
[92℄. The
dotted line is not a t to the K
0
S
data points from NA49, but rather a t to the mean of
their measured K
+
and K
 
rapidity density spetra. The measurement from the NA57
ollaboration for the most 4:5% entral Pb-Pb ollisions [88, 89℄ is shown by the diamond
symbols, using a saling fator of 0.928. Although a disagreement is seen at mid-rapidity
between the NA49 and NA57 rapidity density measurements, all four measurements are
ompatible within the narrow aeptane window of the CERES spetrometer.
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Figure 8.14: Raw invariant mass spetra of the K
0
S
meson. The plots show the
raw invariant mass spetra of K
0
S
! 
+

 
for two dierent p
K
0
S
T
bins in the rapidity range
2:2 < y < 2:4. The ontribution of the bakground is determined with the mixed events teh-
nique and is drawn as dashed line.
The p
T
spetrum integrated in the rapidity range 2:0 < y < 2:6 is shown in
gure 8.17 a). A t aording to equation (8.7) results in a rapidity density of
dN=dy = 19:75 0:23 and an inverse slope parameter of T = 227:97 1:47 MeV/
2
. The
measured rapidity density agrees within 5% if ompared to the orresponding value ob-
tained from the CERES t from [86℄. It agrees within the statistial errors with the
orresponding value obtained from NA49 [83℄. The dierene of the data points to the
dashed or dotted line is shown in gure 8.17 b) as a funtion of the transverse momentum
of the K
0
S
meson. The deviation towards larger p
K
0
S
T
reets the larger t value obtained
for the inverse slope parameter T .
The results presented here are stable if the t range in the K
0
S
signal spetrum is
varied or if the residual bakground is tted with a onstant instead of a polyomial of rst
order. As it was disussed in setion 8.2.6, the eÆieny is obtained by using the P
line

2
ut
adjustment from the overlay UrQMD simulation, shown as full lines in gure 8.11. Using
the adjustment from the lean UrQMD simulation, drawn as dashed lines in gure 8.11,
inreases the rapidity density by 7%.
As summary, it is onluded that the overall systemati unertainties are dominated
by the unertainty of the eÆieny determination. Systemati variations of the dierent
uts have shown that the unertainty is dominated by the P
line

2
ut adjustment with 7%
and the unertainty of the P
vtx

2
ut with 5%, resulting in an systemati unertainty of
8:6% for the nal yields. Within this limit, the results for the K
0
S
meson presented here
are onsistent with results from an independent analysis of the CERES data and results
from the NA49 and NA57 ollaborations.
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Figure 8.15: K
0
S
p
T
spetra for dierent rapidity bins. The K
0
S
p
T
spetra (d) are
tted with funtion (8.7) in three rapidity bins. The orresponding unorreted K
0
S
yields (),
the eÆienies (b) and the aeptanes (a) are also shown.
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0
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. The plots
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gure 8.15 (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measurement (squares) [86℄, a measurement from the NA49 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t parameters are the rapidity
density dN=dy shown in a), and the inverse slope parameter T shown in b).
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Figure 8.17: Integrated K
0
S
p
T
Spetrum. Plot a) shows the K
0
S
p
T
spetrum integrated
over the rapidity range 2:0 < y < 2:6. The dashed and dotted lines are the orresponding
dependenies obtained from the CERES and NA49 ts from [86℄ and [83, 87℄, respetively.
Plot b) shows the deviation of the data points from the dashed (full irles) and the dotted
(open irles) line.
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Chapter 9
Open Charm Analysis
The measurement of harmed mesons is an extremely diÆult task in heavy-ion physis
due to the low prodution ross-setion and the huge amount of ombinatorial bakground.
For instane, 30 million olleted events of 158 AGeV/ Pb-Au ollisions would result
in 3:6 million D
0
mesons, if a yield of 0:12 D
0
per event [26℄ is assumed. Measuring
only the deay hannel D
0
! K
+

 
( = 123:0 m) will further redue this number
by the branhing ratio of 3:8% [66℄. In only 3:4% of the ases both daughters will fall
in the aeptane of the spetrometer, thus leading to an amount of 4650 detetable
D
0
mesons. This has to be multiplied by an eÆieny of the order of 3%, resulting in
roughly 140 D
0
mesons. If an open harm enhanement fator of 3 is assumed, at most
420 D
0
mesons would be expeted. This number has to be further redued by a fator
0.63 onsidering the fat that data of lower quality, i.e. with worse seondary vertex
resolution, is sorted out for the analysis.
The situation is not promising either onsidering the three body deay
D
 
! K
+

 

 
( = 311:8 m) with a branhing ratio of of 9:2% [66℄. Assuming a yield
of 0.036 D
 
per event [26℄, an aeptane of 0.9% and again an eÆieny of the order
of 3% results in 27 expeted D
 
mesons in 30 million olleted events of 158 AGeV/
Pb-Au ollisions.
9.1 Suppression of Resonanes
Without an eetive partile identiation many resonanes will ontribute to the invari-
ant mass spetrum of the D
0
meson. These ontributions will remain after subtration of
the ombinatorial bakground, and ompletely mask the tiny D
0
peak.
The solution is again a ut in the q
T
- plane of the Armenteros-Podolanski plot. As
derived in appendix A the semi-minor axis of the Armenteros-Podolanski ellipse is given
by the enter of mass momentum p
m
. If a mother partile at rest has the four-momentum
p
M
= (m
M
; 0) and deays in two daughter partiles with four-momenta p
1
= (E
1
; ~p
1
) and
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deay mass m
M
[GeV/
2
℄ semi-minor axis [GeV/℄
D
0
,D
0
! K 1.865 0.8609
K
0
S
!  0.498 0.2060
!  0.776 0.3619
! !  0.783 0.3656
! KK 1.019 0.1269
K

! K 0.892 0.2881
,! p 1.116 0.1006
! p 1.232 0.2272
!  1.383 0.2054

 
!  1.321 0.1390


 
! K 1.672 0.2112
Table 9.1: Semi-minor axes of Armenteros-Podolanski ellipses. The table on-
tains examples of partile deays with the orresponding masses and semi-minor axes of the
Armenteros-Podolanski ellipses. The semi-minor axis an be used as ut variable to suppress
ontributions from unwanted resonanes in the invariant mass spetrum.
p
2
= (E
2
; ~p
2
), then p
m
is given by
p
m
= j~p
1
j = j~p
2
j =
s
(m
2
M
  (m
1
+m
2
)
2
)  (m
2
M
  (m
1
 m
2
)
2
)
4m
2
M
; (9.1)
applying the energy and momentum onservation law. Using equation (9.1) the semi-
minor axis of the Armenteros-Podolanski ellipse is alulated for few examples in table 9.1.
Figure 9.1 shows the Armenteros-Podolanski plot of the D
0
meson obtained from an over-
lay Monte Carlo simulation.
It an be seen from equation (9.1) that a large mass m
M
of the mother and small
masses m
1
and m
2
of the daughters imply a large enter of mass momentum p
m
. This is
exatly the ase for the D
0
meson. A ut of q
T
> 0:5 GeV/, as indiated in gure 9.1,
will thus rejet most of the unwanted resonane ontributions, exept those from harm
deays.
9.2 Fast Monte Carlo Simulation
To obtain the signal spetrum of all possible harm deays a fast Monte Carlo simulation
based on the PYTHIA event generator [47℄ has been developed. The fast Monte Carlo
simulation allows to make optimal use of the available omputing time and disk spae,
and to redue the statistial error dramatially ompared to the limited statistis of a
full overlay Monte Carlo simulation. Its preision is however not suÆient to determine
the eÆieny of the analysis method. For this purpose still a full overlay Monte Carlo
simulation of D
0
mesons is needed. This was already desribed in detail in setion 8.2.1.
The input for the fast simulation is a sample of 158 GeV/ p-p ollisions generated
in xed target mode with the PYTHIA event generator. The total number of olleted
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Figure 9.1: Armenteros-Podolanski Plot for the D
0
meson. The plot is obtained
from an overlay Monte Carlo simulation. The solid line is alulated aording to appendix A.
The semi-minor axis of the D
0
ellipse is larger than that of most of the other resonanes. Only
ontribution from harm deays an pass the ut of q
T
> 0:5, indiated by the dashed line.
 pairs is 3.2 million, obtained by only triggering on harm prodution proesses. The
harm mass is set to m

= 1:35 GeV/
2
[66℄. The nuleon struture funtion is para-
meterized by MRS(G) [93℄. The primordial k
T
distribution inside the hadron is assumed
to be Gaussian with < k
2
T
>= 1 (GeV/)
2
and an upper ut-o at 3 GeV/. The harm
ross-setion is saled from p-p to A-A ollisions using the number of binary ollisions
(see [25℄ for details).
The fast simulation tool proesses all D
0
, D
0
, D
 
, D
+
, 

, D
 
s
and D
+
s
deay han-
nels from the PYTHIA simulation. Eah two opposite harged partiles having the same
vertex are assumed to originate from a D
0
! K
+

 
deay. The kaon mass is assigned
to the positive partile, the pion mass to the negative one, respetively. The result is a
ontinuous invariant mass spetrum m
K
. Some of the most important harmed reso-
nane ontributions are shown in gure 9.2. Remarkable is that the misidentied deay
D
0
! K
 

+
, i.e. where the kaon mass is assumed for the 
+
and the pion mass is as-
sumed for the K
 
, appears in the same invariant mass range as the D
0
! K
+

 
. The
reason an be found in the similar momentum distributions of the deay kaon and pion
p
K
 p

(ompare equation (8.3)).
To obtain a more realisti piture the momentum of a partile is smeared using
equation (5.8) for the momentum resolution of the TPC. Aording to gure 8.5, 19:3%
randomly hosen traks are assigned to have a single anode hit in SiDC1, and respetively
20:1% in SiDC2. The three points (x
1
; y
1
; z
SiDC1
), (x
2
; y
2
; z
SiDC2
) and (x
3
; y
3
; z
R2M
) on a
given trak are smeared aording to the detetor resolution desribed in setion 7.3. Fi-
nally, the simulation is passed through the same seondary partile reonstrution sheme
as used for the analysis of the data.
Figure 9.3 shows a omparison between the fast Monte Carlo and the full overlay
Monte Carlo simulation for the deay hannel D
0
! K
+

 
. The mass resolution of
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Figure 9.2: Charmed resonane ontributions to the invariant mass spetrum.
The plots show some of the relevant ontributions to the invariant mass spetrum of the
D
0
! K
+

 
deay.
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Figure 9.3: Comparison between fast Monte Carlo and full overlay Monte Carlo.
Plot a) shows the invariant mass distribution for the deay D
0
! K
+

 
. The full overlay
Monte Carlo simulation is drawn as dashed line, the fast Monte Carlo simulation as solid
line. Plot b) shows the resolution of the z oordinate of the deay point. The distribution
of the bep parameter is shown in plot ).
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Figure 9.4: Target strutures in the seondary vertex distribution. The arrows and
irles mark regions with enhaned seondary verties. These might be traks from seondary
interations of ollision fragments in downstream targets. They are removed by utting out a
box of z
sv
> 1:5 mm and r
sv
< 300 m in the r
sv
-z
sv
distribution of the seondary vertex.

m
= 70 MeV/
2
is reprodued by the fast Monte Carlo simulation. An additional smear-
ing of the z oordinate with a width of 
z
= 190 m had to be introdued to reprodue
the seondary vertex resolution given in equation (8.4). The fast Monte Carlo simulation
does not omprise the possibility of mismathes between the detetors. Thus, the dis-
tributions shown in gure 9.3 have only tails in the ase of the full overlay Monte Carlo
simulation.
9.3 Analysis
The analysis of the deay D
0
! K
+

 
is similar to the K
0
S
analysis desribed in
setion 8.3.1. Thus, only the dierenes will be explained here. The analysis of the
D
0
meson is is based on 18.9 million events at 7% entrality, omprising the alibration
units 146 to 415 as explained in setion 8.3.1. No eetive partile identiation is pos-
sible, meaning that the kaon mass is assigned to all positive traks and the pion mass
to all negative traks. The ombinatorial bakground is obtained with the mixed events
tehnique.
A high single trak transverse momentum ut of p
T
> 400 MeV/ is possible for the
D
0
analysis due to the high momentum range of the deay kaon and pion. The deay
length of the D
0
meson with  = 123 m is short. Thus, the seondary vertex ut is
hosen in the range of 1 mm (ompare gure 8.2). In this sope interesting features
beome visible in the seondary vertex distribution as shown in gure 9.4. Plot a) shows
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polar angle 0:1396 < 
TPC
< 0:2443
Armenteros-Podolanski q
T
> 0:5 GeV/
single trak transverse momentum p
T
> 400 MeV/
opening angle  > 0:25 rad

2
probability of the line t P
line

2
> 0:05

2
probability of the vertex t P
vtx

2
> 0:05
seondary vertex 1 mm < z
sv
< 1 m
bep parameter bep < 200 m
leaning of target traks z
sv
< 1:5 mm jj r
sv
> 300 m
Table 9.2: Cuts for the D
0
analysis. The table ontains a ompilation of the uts used in
the D
0
analysis.
the distribution of the transverse oordinate r
sv
versus the longitudinal oordinate z
sv
with
logarithmi olor ode. The irles and arrows mark regions with enhaned seondary
verties. The distanes of these strutures are 2 mm in longitudinal diretion, whih is
the distane between adjaent targets. These strutures are target traks whih might ori-
ginate from seondary interations of ollision fragments in downstream targets. Plot b)
shows the distribution of z
sv
for low values of p
D
0
T
. Here, the target strutures appear
as equidistant peaks marked with arrows. To obtain a lean trak sample for the D
0
analysis a box of z
sv
> 1:5 mm and r
sv
< 300 m is ut out in the r
sv
-z
sv
distribution,
taking into aount that the radius of a target is 300 m. A ompilation of all uts used
for the D
0
analysis is listed table 9.2. It has been shown in setion 9.1 that the hard ut of
q
T
> 0:5 GeV/
2
in the Armenteros-Podolanski plane removes all resonane ontributions
from the invariant mass distribution, exept those from harmed mesons and baryons.
The normalization between the same and mixed events invariant mass distributions
is obtained by tting their ratio with a spetrum of harmed resonanes on top of the
normalization onstant. The spetrum of harmed resonanes is based on PYTHIA and
simulated with the fast simulation desribed in setion 9.2. The same uts as used in the
analysis of the data are applied to the simulation. As an example gure 9.5 shows a spe-
trum of harmed resonanes for the uts listed in table 9.2. The spetrum is normalized
to the yield of the deay D
0
! K
+

 
. To t the ratio between same and mixed events
distributions the D
0
yield is onstraint to positive values.
The signal distribution, whih is obtained after subtration of the ombinatorial
bakground, is also tted with the spetrum of harmed resonanes, but now on top of
a polynomial of rst order to aount for a possible residual bakground. In ontrast to
the tting proedure for the ratio, the D
0
yield is not onstraint to positive values.
This proedure is repeated for dierent sets of uts. The largest inuene on the
invariant mass spetrum of theD
0
is observed, if the opening angle or the seondary vertex
ut are varied. This is shown in gure 9.6 for three dierent opening angle uts,  > 0:24,
0.25, and 0.26 rad, and two dierent seondary vertex uts, z
sv
> 1:0 and 1.1 mm. The six
ut variations are labeled with numbers 1 to 6. The rst row (a) shows the raw invariant
mass spetra of the same events (solid line) and the normalized mixed events (dashed
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Figure 9.5: Example of a spetrum of harmed resonanes. The spetrum ontains
all ontributions from harmed resonanes, whih pass the uts listed in table 9.2. For
omparison a bin size of 100 MeV/
2
is hosen, as used in the analysis of the D
0
meson.
The red dashed-line indiates the ontribution from the deay D
0
! K
+

 
.
line) distributions in logarithmi sale with a bin size of 100 MeV/
2
. Remarkable is
that, even though very hard uts are applied (see table 9.2), the number of entries is
still of the order of 10
6
per bin. The measurement of a tiny signal thus requires areful
treatment of the normalization. The ratio between same and mixed events distributions
is shown in the seond row (b) of gure 9.6, together with the t for the normalization
as explained above. The signal distribution and the t for the D
0
yield is shown in the
third row (). The resulting t parameters are the interept and the slope for the residual
bakground and the D
0
yield N
meas
in the onsidered deay hannel. The t parameters
and the orresponding 
2
per number of degrees of freedom are summarized in table 9.3
for the six sets of uts. Exept for the measurement number 2 with large 
2
=dof, all
interept and slope parameters are onsistent with zero within the errors.
The eÆienies are alulated for eah set of uts using the full overlay Monte Carlo
simulation desribed in setion 8.2.1. The expeted yields N
exp
in the onsidered deay
hannel D
0
! K
+

 
are alulated aording to:
N
exp
= N
ev
hD
0
iBA : (9.2)
In this equation N
ev
is the number of analyzed events, hD
0
i = 0:12 is the expeted average
number of D
0
mesons per event aording to [26℄, B = 3:80% [66℄ is the branhing ratio,
A = 3:43% is the aeptane and  is the eÆieny.
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Figure 9.6: D
0
invariant mass spetra for dierent sets of uts. The numbers 1 to 6
label dierent sets of opening angle and seondary vertex uts:  > 0:24 rad (1,2),  > 0:25 rad
(3,4), and  > 0:26 rad (5,6), with z
sv
> 1:0 mm (1,3,5) and z
sv
> 1:1 mm (2,4,6). Plots a) show
the raw invariant mass spetra, plots b) the ratio between same and mixed events distributions,
and plots ) the signal spetra.
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spetrum uts interept slope [(GeV/
2
)
 1
℄ N
meas

2
/dof
 > 0:24 rad
1
z
sv
> 1:0 mm
148 175  38 47 130 509 36:26=25
 > 0:24 rad
2
z
sv
> 1:1 mm
143 140  37 38 224 388 57:69=25
 > 0:25 rad
3
z
sv
> 1:0 mm
 44 174 11 47 105 496 22:45=25
 > 0:25 rad
4
z
sv
> 1:1 mm
11 140  2 38 200 376 33:66=25
 > 0:26 rad
5
z
sv
> 1:0 mm
 163 173 43 47 1410 456 27:81=25
 > 0:26 rad
6
z
sv
> 1:1 mm
 127 139 34 37 250 366 22:84=25
Table 9.3: Fit results for D
0
invariant mass spetra. The table summarizes the t
results from the signal spetra in gure 9.6. N
meas
is the measured D
0
yield.
The eÆienies  and the signianes S=
p
B are listed in the rst two rows of
table 9.4 for the six sets of uts. The signianes onsider a range of 2:5 
m
around
the nominal value of the D
0
invariant mass. The expeted D
0
yields N
exp
are given in the
third row of table 9.4 aording to equation (9.2). The rst error of the expeted yield is
the statistial unertainty oming from the aeptane and eÆieny determination. The
seond error is the systemati unertainty, ontaining the unertainty of the branhing
ratio with 0.09% [66℄ and of the eÆieny with 8:6%. The last row of table 9.4 ontains
the alulated enhanement fators E, i.e. the ratio between measured and expeted
yields, with the orresponding statistial and systemati unertainties. The systemati
unertainties of the enhanement fators ontain again the unertainty of the branhing
ratio and of the eÆieny. It is seen that this error is negligible as ompared to the
statistial error. Thus, this error is negleted in further onsiderations.
Within the statistial unertainties the enhanement fators should remain robust
against the variation of uts. However, the deliate determination of the normalization
onstant between same and mixed events distributions ould result in a systemati uner-
tainty in the measurement of the D
0
yield. This systemati unertainty is given by half
of the largest variation between the enhanement fators, resulting in E
syst
 7:3.
9.4 Upper Limit in the Bayesian Approah
If the outome of an experiment is a null result it is often interesting to set an upper
limit in order to eliminate some of the proposed theories. This an be done either in the
framework of Frequentist or Bayesian statistis. The two approahes attribute dierent
meanings in the involved quantities and lead to dierent numerial results. The question
whih framework yields the better desription is at present a hotly debated issue.
The determination of the upper limit in this thesis follows Bayesian philosophy, whih
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spetrum  S=
p
B [10
 3
℄ N
exp
E
1 3:2% 4.32 94:95 0:06 8:47 1:4 5:4 0:1
2 2:4% 4.07 72:45 0:05 6:46 3:1 5:4 0:3
3 3:1% 4.31 92:87 0:06 8:28 1:1 5:3 0:1
4 2:4% 4.05 70:72 0:05 6:31 2:8 5:3 0:3
5 3:1% 4.28 90:37 0:05 8:06 15:6 5:0 1:4
6 2:3% 4.02 68:63 0:05 6:12 3:7 5:3 0:3
Table 9.4: Enhanement fators for dierent sets of uts. The table ontains the
eÆienies , the signianes S=
p
B, the expeted D
0
yields N
exp
and the enhanement fators
E for the six dierent D
0
spetra of gure 9.6. The expeted yields are alulated aording
to equation (9.2). The enhanement fators are the ratios between the measured yields from
table 9.3 and the expeted yields. The errors are the statistial and systemati unertainties,
respetively.
is very general and avoids unphysial ondene limits. Following [66, 94, 95℄ and [96℄ this
setion will desribe some important features of Bayesian statistis and its onlusions for
the upper limit determination of the D
0
meson.
9.4.1 General Considerations
The starting point is Bayes' theorem:
p(hypjdata) =
L(datajhyp)p(hyp)
R
L(datajhyp
0
)p(hyp
0
) dhyp
0
: (9.3)
The degree of belief in a hypothesis, given the data, is summarized by the posterior
probability density funtion (pdf) p(hypjdata). It is proportional to the likelihood
funtion L(datajhyp) multiplied with the prior pdf p(hyp). L(datajhyp) gives the pro-
bability that the hypothesis, when true, just yields the data. The prior pdf p(hyp)
reets the experimenters subjetive degree of belief about the hypothesis before the
measurement was arried out. The denominator in equation (9.3) normalizes the poste-
rior pdf to unity.
As example, let's suppose that the measurement of a physial onstant  results in
the estimator b. Usually, no spei knowledge about the prior pdf p() is at hand and
the laim is that all physially reasonable values for  are equally probable. Thus, p()
is set to be onstant over the region of interest and zero in the unphysial region. If  is
assumed to by positive, the upper limit at (1  ) ondene level is than given by:
1   =
M
Z
0
p(
0
jb) d
0
=
R
M
0
L(bj
0
)p(
0
) d
0
R
1
0
L(bj
0
)p(
0
) d
0
: (9.4)
Figure 9.7 represents the outome of several experiments measuring values for , with
signiant probability of obtaining unphysial results. Assuming a step funtion for p()
would mean to just onsider the shaded region, but renormalized to unity. By stating an
upper limit at (1  ) ondene level thus means that  lies in the grey shaded region.
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Figure 9.7: Measurement of variables in bounded physial regions. Bayes' theorem
says that the knowledge of the distribution of , given the measurement b, is given by the
funtion over the shaded region after appropriate renormalization.
9.4.2 D
0
Upper Limit
In the following these onsiderations are applied to the measurement of the D
0
yield.
At rst, a likelihood funtion is onstruted. The measured invariant mass spetrum of
the same and mixed events analysis is divided in bins i with bin ontent n
s
i
and n
m
i
,
respetively. The bin ontents are large and therefore taken to be real numbers whih are
Gaussian distributed. If so, than also the bin ontents n
i
of the invariant mass spetrum
obtained after mixed events subtration are Gaussian distributed with mean 
i
and width

i
. The probability of the ounts lying between n
i
and n
i
+ dn
i
an then be written as:
L(n
i
j
i
; 
i
) dn
i
=
1

i
p
2
e
 
1
2

n
i
 
i

i

2
dn
i
: (9.5)
The invariant mass spetrum, obtained after mixed events subtration, is desribed by a
signal spetrum W (m) on top of a rst order polynomial desribing the residual bak-
ground
(m; ) = 
0
+ 
1
m + 
2
W (m); (9.6)
where   f
i
g. The signal spetrum W (m) is obtained from a PYTHIA simulation
and ontains all relevant resonanes. It is normalized to the D
0
peak, and thus 
2
gives
the number of measured D
0
! K
+

 
deays. The t funtion (m; ) is linear in the
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parameters  and an be expressed by
(m; ) =
2
X
j=0

j
f
j
(m); (9.7)
where the f
j
are a set of funtions of m with f  f1; m;W (m)g.
Under the assumption that the bin ontents n
i
are statistially independent, the
likelihood funtion of the data an be obtained by multiplying the probabilities of
equation (9.5),
L(nj) =
Y
i
L(n
i
j) = Ae
 
1
2
P
i

n
i
 (m
i
;)

i

2
= Ae
 
1
2

2
(nj)
: (9.8)
In this equation n  fn
i
g, A is a normalization onstant, and

2
(nj) =
X
i

n
i
  (m
i
; )

i

2
=
X
i
1

2
i
 
n
i
 
2
X
j=0

j
f
j
(m
i
)
!
2
: (9.9)
The 
2
an be expanded around the point  where the likelihood beomes maximal or
the 
2
beomes minimal, thus leading to

2
(nj) = 
2
(nj) +
X
i

2
(nj)

k

k
+
1
2
X
j
X
k

2

2
(nj)

j

k

j

k
+ : : : ; (9.10)
with 
k
= 
k
  
k
. The rst derivative of equation (9.9) vanishes at the point :

2
(nj)

k
=  2
X
i
1

2
i
 
n
i
 
X
j

j
f
j
(m
i
)
!
f
k
(m
i
) = 0: (9.11)
This equation an be written in vetor notation as
a =W with a
k
=
X
i
1

2
i
n
i
f
k
(m
i
) and W
jk
=
X
i
1

2
i
f
j
(m
i
)f
k
(m
i
): (9.12)
The seond derivative of equation (9.9), evaluated at the point , yields an expression for
the Hessian matrix
H = H
jk
=
1
2

2

2
(nj)

j

k
=
X
i
1

2
i
f
j
(m
i
)f
k
(m
i
); (9.13)
whih is just equal to W
jk
in equation (9.12). Higher derivatives vanish.
Inserting now the 
2
expansion of equation (9.10) in equation (9.8), and onsidering
proper normalization, results in
L(nj) =
1
p
(2)
3
jVj
e
 
1
2
( )
T
V
 1
( )
; (9.14)
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where the ovariane matrix V is the inverse of the Hessian matrix H with the
determinant jVj.
After deriving the likelihood funtion, the next step is to speify the prior pdf
p(). Without having spei knowledge about the parameters the simplest hoie is
to set p(
0
; 
1
) = (2r)
 2
, where r denes the range in whih the parameters are dened
( r  
0
; 
1
 r). The prior pdf p(
0
; 
1
) vanishes for r ! 1 but the posterior pdf will
remain nite beause the normalization integral in the denominator ontains the same
fator (2r)
 2
. Similar arguments apply to the hoie of the remaining prior pdf p(
2
), but
now onsidering the knowledge that the D
0
yield 
2
must be positive, that is (0  
2
 r):
p(
2
) =

0 for 
2
< 0
r
 1
for 
2
 0
(9.15)
To obtain the posterior pdf, the likelihood funtion of equation (9.14) has to be multiplied
with the prior pdf for the parameters, leading to
p(jn) =
B
p
(2)
3
jVj
p(
2
) e
 
1
2
( )
T
V
 1
( )
; (9.16)
with the normalization onstant B. The posterior pdf p(
2
jn) an now be obtained by
using the marginalization rule and integrating the joint pdf p(jn) with respet to 
0
and

1
. In this way the posterior pdf is obtained as
p(
2
jn) =
B
Æ
p
2
p(
2
) e
 
1
2
(

2
 
2
Æ
)
2
= B p(
2
) g(
2
; 
2
; Æ); (9.17)
where g(
2
; 
2
; Æ) is used as abbreviation for the Gaussian funtion.
The upper limit for the D
0
meson is thus given by
1   =
M
Z
0
p(
2
jn) d
2
=
R
M
0
g(
2
; 
2
; Æ) d
2
R
1
0
g(
2
; 
2
; Æ) d
2
(9.18)
at (1  ) ondene level.
9.5 Results and Disussion
The upper limit for the D
0
yield is determined with measurement number 3 from
gure 9.6, plot 3 ). This measurement is performed with the set of uts listed in table 9.2.
It fullls the requirements of having one of the highest signianes and at the same time

2
=dof  1. The D
0
yield N
meas
obtained from this measurement is given by
N
meas
= 105 496 (stat) 693 (syst); (9.19)
with a systemati unertainty of 660%. The systemati unertainty is obtained from the
onsiderations in setion 9.3 with E
syst
=E  7:3=1:1. Using further equation (9.18) with
the parameters

2
= N
meas
= 105 and Æ =
q
(N
stat
meas
)
2
+ (N
syst
meas
)
2
= 852; (9.20)
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Figure 9.8: D
0
upper limit. The gure shows the nal result for the measurement of the
D
0
yield. The data is based on 18.9 million analyzed events of 158 AGeV/ Pb-Au ollisions.
The red solid urve is the t to the data with a measured enhanement fator of E = 1. The
upper limit of E
M
= 22 is indiated with the blue dotted line. The sensitivity of the experiment
with E
sens
M
= 13 is drawn as green dashed line. It is the best possible upper limit, whih ould
be obtained with the available statistis if no systemati unertainties would be present.
an upper limit for the D
0
yield of M = 2058 is obtained at 98% ondene level. As the
expeted number of D
0
mesons is N
exp
= 93, an upper limit for the enhanement fator of
E
M
= M=N
exp
= 22 an be exluded. The same result is obtained if the measurement is
tted with a harmed resonane spetrum on top of a onstant, instead of a polynomial of
rst order. If measurement number 6 from gure 9.6, plot 6 ) is used for the alulation,
an upper limit for the open harm enhanement fator of E
M
= 24 is obtained.
Figure 9.8 shows the nal results for the measurement of the D
0
yield in 158 AGeV/
Pb-Au ollisions. The red solid urve is the t to the data, resulting in an enhanement
fator of E = 1. The blue dotted urve marks the upper limit for the enhanement fator
with E
M
= 22. The position of the D
0
meson in the ontinuous spetrum of harmed
resonanes is indiated with an arrow and a horizontal line of 2:5 
m
. The green dashed
line marks the best possible upper limit of E
sens
M
= 13, onsidering only the statistial
unertainty. This is denoted as sensitivity of the experiment. It is the upper limit that
ould be obtained with the available statistis, under the assumption that the systemati
unertainties in the determination of the normalization between same and mixed events
distributions ould be removed.
The result an be ompared to two other measurements of the open harm enhane-
ment fator E at the CERN SPS. The indiret measurement from the NA38/NA50
ollaboration [17℄ has already been presented in setion 3.1. It is onjetured that the
observed exess in the intermediate mass range (1 < m

< 3 GeV/
2
) of the dimuon
9.5. RESULTS AND DISCUSSION 115
spetrum ould be due to an open harm enhanement. For 158 AGeV/ entral
Pb-Pb ollisions an enhanement fator up to E = 3:5 is possible (ompare gure 3.3).
The upper limit of E
M
= 22 obtained in this thesis is learly not sensitive enough to reah
the region below E  3:5 and bring further light in the situation.
The seond experiment is the diret open harm measurement of the deay hannels
D
0
! K
+

 
and D
0
! K
 

+
from the NA49 ollaboration [97, 98℄ for 158 AGeV/
Pb-Pb ollisions. As result an upper limit for the ombined yield per event of
M(hD
0
+D
0
i) = 1:5 is obtained at 98% ondene level. The omparison to the ex-
peted yield per event hD
0
+D
0
i = 0:21 [26℄ gives an upper limit for the enhanement
fator of E
NA49
M
= 7.
The measurement in [97, 98℄ is based on two samples of traks with and without
kaon identiation via the TPC dE=dx, respetively. The relative dE=dx-resolution is
about 4%. The measurement of the partile momentum is preise with a resolution of
p=p
2
= 3  10
 5
(GeV/)
 1
. The deision weather kaon identiation is performed or not
depends on the trak length and on weather the momentum of the trak is low enough
to make kaon seletion via a dE=dx ut possible. The D
0
and D
0
deay hannels are
analyzed separately and ombined at the end. It is not lear how the ontribution of
D
0
mesons in the D
0
spetrum, and vie versa, is treated for the trak sample without
kaon identiation (ompare herefore gure 9.2). This ontribution might in fat be
negligible ompared to their D
0
or D
0
mass resolution of m
 
= 6:2 MeV/
2
, obtained
from an overlay Monte Carlo simulation. However, in the absene of partile identiation
a areful study of ontributing resonanes to the invariant mass spetrum is advisable.
In [97, 98℄ the raw invariant mass spetra are diretly tted in a region of90 MeV/
2
around the position of the D
0
or D
0
meson, using a Cauhy funtion for the signal distri-
bution on top of a polynomial of fourth order for the bakground. The D
0
or D
0
invariant
masses and widths are kept xed during the tting proedure. This approah is not fol-
lowed in this thesis. The reason is that, if the signal spetrum has a dierent shape than
that predited by a Monte Carlo simulation, it might easily be assigned to the bak-
ground and thus inluded in the t with the polynomial of high order. It is judged to be
more safe to subtrat the ombinatorial bakground using the mixed events tehnique and
desribe the remaining signal spetrum with a simulation of the ontributing resonanes,
as desribed in the ourse of this hapter.
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Chapter 10
Conlusions
The development of a seondary partile reonstrution sheme using the ombined infor-
mation of the SiDC detetors and the TPC to reonstrut the seondary vertex is new for
the CERES experiment. The analysis sheme allows to suppress a large fration of target
traks by utting on the longitudinal distane between the deay vertex of the seondary
partile and the primary interation region. The onstraint of this method is, that the
partile has to deay upstream SiDC1, i.e. within a distane of 10.4 m. Consequently,
it is appliable to reonstrut partiles with relatively short deay length.
The method is optimal to reonstrut the deay K
0
S
! 
+

 
( = 2:68 m) and
is already suessfully inorporated in other CERES analyses, like the measurement
of the ellipti ow of the K
0
S
[99℄. Within this thesis the K
0
S
meson is used as re-
ferene measurement to study the eÆieny for the subsequent measurement of the
D
0
yield. It is shown that the measurement of the integrated K
0
S
rapidity density of
dN=dy = 19:75 0:23 (stat) 1:70 (syst) for 2:0 < y < 2:6 is dominated by the uner-
tainty of the eÆieny determination with 8:6%. Within this limit, the results obtained
for the K
0
S
agree with an alternative analysis of the CERES data and with measurements
the NA49 and NA57 ollaborations.
The seondary partile reonstrution sheme reahes its limits of appliability if the
ut on the seondary vertex gets lose to the target resolution of about 
z
 210 m.
The analysis of the D
0
meson ( = 123 m) is in this regime. However, a areful study
of the ombinatorial bakground and of ontributing resonanes to the invariant mass
spetrum still allows to derive an upper limit for the D
0
yield. Taking the ratio to
the expeted D
0
yield per event of hD
0
i = 0:21 [25, 26℄, whih is alulated by saling
the harm ross-setion to nuleus-nuleus ollisions, an upper limit of E
M
= 22 is ob-
tained at 98% ondene level for the open harm enhanement fator in 158 AGeV/
Pb-Au ollisions.
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Appendix A
The Armenteros-Podolanski Plot
A ommon problem of numerous experiments is the lak of partile identiation.
For a two body deay system this issue was addressed in 1954 by J. Podolanski and
R. Armenteros [90℄. They developed a method to distinguish between dierent hadrons
using the transverse and longitudinal momenta q
T
and q
L
of the deay partiles relative
to the ight diretion of their mother partile. In a so alled Armenteros-Podolanski
plot the transverse momentum q
T
is plotted against an asymmetry variable , whih is a
ombination of the longitudinal momenta of the positive and the negative deay partiles:
 =
q
+
L
  q
 
L
q
+
L
+ q
 
L
: (A.1)
The transverse momenta of the deay partiles are by denition equal:
q
+
T
= q
 
T
= q
T
: (A.2)
The following derivations will show that eah type of hadrons desribe individual ellipses
in the q
T
- plane.
In the enter of mass system the transverse and longitudinal momentum of the po-
sitive deay partile and and its energy an be written as:
q
+
T;m
= p
m
sin(
m
)
q
+
L;m
= p
m
os(
m
)
E
+
m
=
p
(p
m
)
2
+ (m
+
)
2
: (A.3)
In the laboratory system these quantities transform to
q
+
T
= q
+
T;m
= p
m
sin(
m
)
q
+
L
= q
+
L;m
+ E
+
m
= p
m
os(
m
) + E
+
m
E
+
= E
+
m
+ q
+
L;m
= E
+
m
+ p
m
os(
m
): (A.4)
120 APPENDIX A. THE ARMENTEROS-PODOLANSKI PLOT
B
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Figure A.1: Armenteros-Podolanski Ellipse. Eah partile has its individual ellipse in
the q
T
- plane of the Armenteros-Podolanski plot with the semi-minor and semi-major axes
given by p
m
and A as derived below. The point (B; 0) is the enter of the ellipse.
Due to the relation q
 
L;m
=  q
+
L;m
, one arrives to
q
 
T
= q
 
T;m
= p
m
sin(
m
)
q
 
L
=  p
m
os(
m
) + E
 
m
E
 
= E
 
m
  p
m
os(
m
) (A.5)
for the negative partile.
To derive the former dened variable  one has to form the dierene
q
+
L
  q
 
L
= 2p
m
os(
m
) + (E
+
m
  E
 
m
) (A.6)
and the addition
q
+
L
+ q
 
L
= p
M
= m
M
: (A.7)
Here p
M
denotes the momentum of the mother partile in the laboratory system and
m
M
its rest mass. Aording to equation (A.1), equations (A.6) and (A.7) an then be
ombined to form:
 =
2p
m
m
M
os(
m
) +
E
+
m
  E
 
m
m
M
= A os(
m
) +B: (A.8)
Together with equation (A.4) or (A.5) this results in
os(
m
) =
 B
A
and
sin(
m
) =
q
T
p
m
(A.9)
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with
sin
2
(
m
) + os
2
(
m
) =

  B
A

2
+

q
T
p
m

2
= 1: (A.10)
This is an ordinary ellipse equation in the q
T
- plane with the semi-minor axis given by
p
m
and the semi-major axis by A = 2p
m
=(m
M
). The ellipse is shifted along the -axis
by the amount B = (E
+
m
  E
 
m
)=m
M
. The geometry is depited in gure A.1.
122 APPENDIX A. THE ARMENTEROS-PODOLANSKI PLOT
BIBLIOGRAPHY 123
Bibliography
[1℄ G. Agakihiev et al.: Enhaned Prodution of Low-Mass Eletron Pairs in
200 GeV/Nuleon S-Au Collisions at the CERN Super Proton Synhrotron,
Phys. Rev. Lett. 75 (1995) 1272-1275.
[2℄ G. Agakihiev et al.: Systemati study of low-mass eletron pair prodution in
p-Be and p-Au ollisions at 450 GeV/, Eur. Phys. J. C4 (1998) 231.
[3℄ G. Agakihiev et al.: Low-mass e
+
e
 
pair prodution in 158 AGeV Pb-Au olli-
sions at the CERN SPS, its dependene on multipliity and transverse momen-
tum, Phys. Lett. B422 (1998) 405-412.
[4℄ D. Adamova et al.: Enhaned Prodution of Low-Mass Eletron-Positron Pairs in
40 AGeV Pb-Au ollisions at the CERN SPS, Phys. Rev. Lett. 91 (2003) 042301,
nul-ex/0209024.
[5℄ G. Agakihiev et al.: e
+
e
 
-pair prodution in Pb-Au ollisions at 158 GeV per
nuleon, Eur. Phys. J. C41 (2005) 475-513.
[6℄ M. Masera: Dimuon Prodution below Mass 3.1 GeV/
2
in p-W and S-W Inter-
ations at 200 GeV//A, Nul. Phys. A590 (1995) 93-102.
[7℄ A. L. S. Angelis et al.: Study of vetor mesons in dimuon prodution in
a large kinemati region in pW and SW interations at 200 GeV//nuleon,
Eur. Phys. J. C5 (1998) 63-75.
[8℄ E. Somparin: Intermediate mass muon pair ontinuum in Pb-Pb ollisions at
158 GeV/, Nul. Phys. A610 (1996) 331-341.
[9℄ R. D. Pisarski: Phenomenology of the Chiral Phase Transition, Phys. Lett. 110B
(1982) 155-158.
[10℄ G. E. Brown and M. Rho: Saling eetive Lagrangians in a dense medium, Phys.
Rev. Lett 66 (1991) 2720-2723.
[11℄ R. Rapp and J. Wambah: Chiral Symmetry Restoration and Dileptons in Rela-
tivisti Heavy-Ion Collisions, Adv. Nul. Phys. 25 (2000) 1, hep-ph/9909229.
[12℄ A. Marn: J. Phys. G30 (2004) 709-716, nul-ex/0406007.
124 BIBLIOGRAPHY
[13℄ J. Slvova (Bielkova): Azimuthal Correlations of High-p
T
Pions in 158 AGeV/
Pb-Au Collisions Measured by the CERES Experiment, Dissertation, Max-
Plank-Institut fur Kernphysik, Heidelberg, 2003.
[14℄ J. P. Wurm and J. Bielkova: Semi-Hard Sattering Unraveled from Colletive
Dynamis by Two-Pion Azimuthal Correlations in 158 AGeV/ Pb+Au Colli-
sions, Phys. Rev. Lett. 92 (2004) 032301, nul-ex/0303014.
[15℄ D. Adamova et al.: Beam Energy and Centrality Dependene of Two-Pion
Bose-Einstein Correlations at SPS Energies, Nul. Phys. A714 (2003) 124,
nul-ex/0207005.
[16℄ D. Adamova et al.: Event-by-event utuations of the mean transverse mo-
mentum in 40, 80, and 158 AGeV/, Nul. Phys. A727 (2003) 97-119,
nul-ex/0305002.
[17℄ M. C. Abreu et al.: Dimuon and harm prodution in nuleus-nuleus ollisions
at the CERN-SPS, Eur. Phys. J. C14 (2000) 443-455.
[18℄ P. Levai, B. Muller and X.-N. Wang: Open harm prodution in an equilibrating
parton plasma, Phys. Rev. C51 (1995) 3326-3335.
[19℄ Z. Lin and X.-N. Wang: Enhanement of intermediate mass dileptons from harm
deays at SPS energies, Phys. Lett. B444 (1998) 245-251.
[20℄ P. Bordalo: Dimuon enhanement in nuleus-nuleus ultrarelativisti interations,
Nul. Phys. A661 (1999) 538-541.
[21℄ C. Spieles et al.: A mirosopi alulation of seondary Drell-Yan prodution in
heavy ion ollision, Eur. Phys. J. C5 (1998) 349-355.
[22℄ G. Q. Li and C. Gale: Intermediate-Mass Dilepton Prodution in Heavy-Ion
Collisions at 200 AGeV, Phys. Rev. Lett. 81 (1998) 1572-1575.
[23℄ G. Q. Li and C. Gale: Intermediate-mass dilepton spetra and the role of
seondary hadroni proesses in heavy-ion ollisions, Phys. Rev. C58 (1998)
2914-2926.
[24℄ R. Rapp and E. Shuryak: Thermal Dilepton Radiation at Intermediate Masses
at the CERN-SpS, Phys. Lett. B473 (2000) 13-19, hep-ph/9909348.
[25℄ P. Braun-Munzinger et al.: Open harm ontribution to dilepton spetra pro-
dued in nulear ollisions at SPS energies, Eur. Phys. C1 (1998) 123-130.
[26℄ P. Braun-Munzinger and J. Stahel: (Non)Thermal Aspets of Charmonium Pro-
dution and a New Look at J= Suppression, Phys. Lett. B490 (2000) 196,
nul-th/0007059.
[27℄ Cheuk-Yin Wong: Introdution to High-Energy Heavy-Ion Collisions, World
Sienti (1994).
BIBLIOGRAPHY 125
[28℄ P. E. Hodgson, E. Gadioli and E. Gadioli Erba: Introdution to Nulear Physis,
Oxford Siene Publiations (2000).
[29℄ J. Stahel and G. R. Young: Relativisti Heavy Ion Physis at CERN and BNL,
Annu. Rev. Nul. Part. Si. 42 (1992) 537-597.
[30℄ P. Braun-Munzinger: Towards the Quark-Gluon Plasma, nul-ex/9909014 (1999).
[31℄ U. Heinz and M. Jaob: Evidene for a New State of Matter: An Assessment of
the Results from the CERN Lead Beam Program, nul-th/0002042 (2000).
[32℄ ALICE ollaboration: Tehnial Proposal CERN/LHC 95-71 (1995).
[33℄ F. Karsh: Lattie Results on QCD Thermodynamis, Nul. Phys. A698 (2002)
199-208, hep-ph/0103314.
[34℄ J. Stahel: Towards the Quark-Gluon-Plamsa, Nul. Phys. A654 (1999)
119-135, nul-ex/9903007.
[35℄ P. Braun-Munzinger and J. Stahel: Probing the Phase Boundary between
Hadroni Matter and the Quark-Gluon-Plasma in Relativisti Heavy Ion Col-
lisions, Nul. Phys A606 (1996) 320-328, nul-th/9606017.
[36℄ H. Heiselberg: Hot Neutron Stars as a Soure for Gamma Ray Bursts at Cosmo-
logial Distane Sales, astro-ph/9711169 (1997).
[37℄ J. D. Bjorken: Highly relativisti nuleus-nuleus ollisions: The entral rapidity
region, Phys. Rev. D27 (1983), 140-151.
[38℄ J. Cleymans and K. Redlih: Chemial and Thermal Freeze-Out Parameters from
1 to 200 AGeV, Phys. Rev. C60 (1999) 054908, nul-th/9903063.
[39℄ M. Birse and J. MGovern: Seeing the lighter side of quarks, Physis World
(1995).
[40℄ B. Muller: Rep. Prog. Phys. 58(6) (1995) 611.
[41℄ H. Satz: Colour Deonnement in Hot and Dense Matter, hep-ph/9611366 (1996).
[42℄ A. Chodos, R. L. Jae, K. Johnson, C. B. Thorn and V. F. Weisskopf: New
Extended Model of Hadrons, Phys. Rev. D9 (1974) 3471-3495.
[43℄ K. G. Wilson: Connement of Quarks, Phys. Rev. D10 (1974) 2445.
[44℄ J. Kapusta, P. Lihard and D. Seibert: High energy photons from quark-gluon
plasma versus hot hadroni gas, Phys. Rev. D44 (1991) 2774; Erratum, Phys.
Rev. D47 (1991) 4171.
[45℄ T. Matsui and H. Satz: J= Suppression by Quark-Gluon Plasma Formation,
Phys. Lett. B178 (1986) 416-422.
126 BIBLIOGRAPHY
[46℄ M. C. Abreu et al.: J= ,  
0
and muon pair prodution in p-W and S-U ollisions,
Nul. Phys. A566 (1994) 77-85.
[47℄ T. Sjostrand: PYTHIA 5.7 and JETSET 7.4 Physis and Manual, Computer
Physis Commun 82 (1994) 74, hep-ph/9508391.
[48℄ A. P. Kostyuk et al.: Statistial Coalesene Model Analysis of J= Produ-
tion in Pb+Pb Collisions at 158 AGeV, Phys. Lett. B531 (2002) 195-202,
hep-ph/0110269.
[49℄ A. P. Kostyuk et al.: Heavy Flavor Enhanement as a Signal of Color Deonne-
ment, Phys. Lett. B519 (2001) 207, hep-ph/0103057.
[50℄ A. P. Kostyuk: Statistial J= prodution and open harm enhane-
ment in Pb+Pb ollisions at CERN SPS, J. Phys. G28 (2002) 2047-2050,
hep-ph/0111096.
[51℄ K. Gallmeister et al.: Is there a unique thermal soure of dileptons
in Pb(158 AGeV) + Au,Pb reations?, Phys. Lett. B473 (2000) 20-24,
hep-ph/9908269.
[52℄ K. Gallmeister et al.: A unique large thermal soure of real and virtual photons
in the reation Pb(158 AGeV) + Pb,Au, hep-ph/0006134.
[53℄ K. Gallmeister et al.: Can extended duality uniquely explain the dilepton data
in HIC's at SPS?, hep-ph/0001242.
[54℄ M. M. Aggarwal et al.: Diret Photon Prodution in 158 AGeV
208
Pb+
208
Pb
Collisions, nul-ex/0006007.
[55℄ P. Braun-Munzinger et al.: Chemial Equilibration in Pb+Pb Collisions at
the SPS, Phys. Lett. B465 (1999) 15, nul-th/9903010.
[56℄ P. Holl et al.: Proposal: Study of Eletron Pair and Photon Proution in Lead-
Lead Collisions at the CERN SPS, CERN/SPSLC 94-1.
[57℄ H. Appelshauser: Physis with the Upgraded CERES Detetor, Ata Physia
Polonia B, Vol.29 (1998).
[58℄ E. Gatti, P. Rehak: Semiondutor Drift Chamber - An Appliation of a Novel
Charge Transport Sheme, Nul. Instr. and Meth. A225 (1984) 608-614.
[59℄ O. Nix: Einsatz und Lasertest von 4
00
Siliziumdriftdetektoren, Diploma Thesis,
Universitat Heidelberg, 1996.
[60℄ J. Seguinot and T. Ypsilantis: Photo-Ionization and Cherenkov Ring Imaging,
Nul. Instr. and Meth. 142 (1977) 377-391.
[61℄ G. Hering: Dieletron Prodution in Heavy Ion Collisions at 158 GeV/ per
Nuleon, Dissertation, Tehnishe Universitat Darmstadt, 2001.
BIBLIOGRAPHY 127
[62℄ K. Kleinkneht: Detektoren fur Teilhenstrahlung, Teubner Studienbuher,
Stuttgart, 1987.
[63℄ W. Shmitz: Lambda-Produktion in Pb-Au-Kollisionen bei 40 AGeV, Disserta-
tion, Universitat Heidelberg, 2001.
[64℄ G. Agakihiev et al.: A New Robust Fitting Algorithm for Vertex Reonstrution
in the CERES Experiment, Nul. Instr. and Meth. A394 (1997) 225.
[65℄ F. Mosteller and W. Tukey: Data Analysis and Regression: A Seond Course in
Statisti, Addison - Wesley (1987).
[66℄ Partile Data Group, Review of Partile Physis, Phys. Lett. B592 (2004) 1.
[67℄ S. Yurevih: Low-mass e
+
e
 
pair prodution in Pb-Au ollisions at 158 AGeV,
Dissertation, Universitat Heidelberg, in preparation.
[68℄ CERN Geneva: GEANT manual, CERN Program Library Long Writeup
W5013 (1993).
[69℄ H. Sako: private ommuniation.
[70℄ W. Blum and L. Rolandi: Partile Detetion with Drift Chambers,
Springer-Verlag (1994).
[71℄ G. Agakihiev et al.: The CERES/NA45 Radial Time Projetion Chamber, NIM
in preparation.
[72℄ D. Miskowie: Laser alibration system for the CERES Time Projetion Cham-
ber, NIM in preparation.
[73℄ S. F. Biagi:Monte Carlo simulation of eletron drift and diusion in ounting gases
under the inuene of eletri and magneti elds, Nul. Instr. and Meth. A421
(1999) 234-240.
[74℄ A. Marn: private ommuniation.
[75℄ R. Renfordt et al., NA49 ollaboration, IKF-58 Annual Report (1997) 4.
[76℄ K.-H. Rohe: Elektronik fur Physiker, Teubner Studienbuher (1987).
[77℄ L. Dietrih: Optimierung der Elektron-Pion-Separation in der CERES-TPC,
Diploma Thesis, Universitat Heidelberg, 2001.
[78℄ J. Stahel: private ommuniation about Thermal Model alulations.
[79℄ D. Antonzyk: Dissertation, Universitat Heidelberg, in preparation.
[80℄ M. Sanhez Gara: Momentum Reonstrution and Pion Prodution Analysis
in the HADES Spetrometer at GSI, Dissertation, Universidade de Santiago de
Compostela, 2003.
128 BIBLIOGRAPHY
[81℄ G. E. Brown et al.: Pions from resonane deay in Brookhaven relativisti
heavy-ion ollisions, Phys. Lett. B253 (1991) 19-22.
[82℄ D. Rohrih: Review of SPS experimental results on strangeness, J. Phys. G27
(2001) 355-366.
[83℄ C. Hohne: Strangeness prodution in nulear ollisions - reent results from ex-
periment NA49, Nul. Phys. A661 (1999) 485-488.
[84℄ S. A. Bass et al.: Mirosopi Models for Ultrarelativisti Heavy Ion Collisions,
Prog. Part. Nul. Phys 41 (1998) 225-370, nul-th/9803035.
[85℄ M. Bleiher et al: Relativisti Hadron-Hadron Collisions and the Ultra-
Relativisti Quantum Moleular Dynamis Model (UrQMD), J. Phys. G25
(1999), 1859-1896.
[86℄ S. Radomski: Dissertation, Tehnishe Universitat Darmstadt, in preparation.
[87℄ P. G. Jones et al.: Hadron Yield and Hadron Spetra from the NA49 Experiment,
Nul. Phys. A610 (1996) 188.
[88℄ F. Antinori et al.: Study of the transverse mass spetra of the strange partiles
in Pb-Pb ollisions at 158 A GeV/, J. Phys. G: Nul. Phys. 30 (2004) 823-840,
nul-ex/0403016.
[89℄ F. Antinori et al.: Rapidity distributions around mid-rapidity of strange partile
in Pb-Pb ollisions at 158 A GeV/, J. Phys. G: Nul. Phys. 31 (2005) 1345-1357,
nul-ex/0509009.
[90℄ J. Podolanski and R. Armenteros: Analysis of V-Events, Phil. Mag. 45 (1954)
13-30.
[91℄ G. D. Laerty and T. R. Wyatt: Where to stik your data points: The treatment
of measurements within wide bins, Nul. Instr. and Meth. A355 (1995) 541-547.
[92℄ A. Bia las et al.: Multipliity Distributions in Nuleus-Nuleus Collisions at High
Energies, Nul. Phys. B111 (1976) 461-476.
[93℄ H. Plothow-Besh, PDFLIB: A library of all available parton density funtions of
the nuleon, the pion and the photon and the orresponding alpha-s alulations,
Computer Physis Commun 71 (1993) 396-416.
[94℄ Partiles and Fields, Review of Partile Properties, Phys. Rev. D50 (1994) 1275-
1282.
[95℄ D. S. Sivia: Data Analysis - A Bayesian Tutorial, Oxoford Siene Publiations,
2005.
[96℄ M.Botje: Open Charm Upper Limit from Bayes' Theorem, NA49 ollaboration,
internal note (2005).
BIBLIOGRAPHY 129
[97℄ M. van Leeuwen.: Kaon and open harm prodution in entral lead-lead ollisions
at the CERN SPS, Dissertation, University Utreht, 2003.
[98℄ C. Alt et al.: Upper limit of D
0
prodution in Central Pb-Pb Collisions at
158 AGeV, nul-ex/0507031 (2005).
[99℄ J. Milosevi: Investigation of Azimuthal Asymmetries in Charged and Strange
Partile Distributions from CERES, Dissertation, Universitat Heidelberg, in
preparation.
The CERES Collaboration
P. Rehak
Brookhaven National Laboratory, Upton, USA
L. Musa, J. Shukraft
CERN, Geneva, Switzerland
A. Drees
Department for Physis and Astronomy, SUNY Stony Brook, USA
G. Agakihiev, D. Antonzyk, A. Androni, P. Braun-Munzinger, O. Bush,
C. Garabatos, G. Hering, J. Holezek, M. Kalisky, A. Maas, A. Marn,
D. Miskowie, S. Radomski, J. Rak, H. Sako, S. Sedykh, G. Tsiledakis
GSI, Darmstadt, Germany
H. Appelshauser, M. P loskon, S. Kniege
IKF, Frankfurt, Germany
V. Belaga, K. Fomenko, Y. Panebrattsev, O. Pethenova, S. Shimansky,
V. Yurevih
JINR, Dubna, Russia
J. P. Wurm
Max-Plank-Institut fur Kernphysik, Heidelberg, Germany
D. Adamova, V. Kushpil, M.

Sumbera
NPI/ASCR,

Rez, Czeh Republi
J. Bielkova, R. Campagnolo, S. Damjanovi, T. Dietel, L. Dietrih,
S. I. Esumi, K. Filimonov, P. Glassel, G. Krobath, W. Ludolphs,
J. Milosevi, R. Ortega, V. Petraek, W. Shmitz, W. Seipp, J. Stahel,
H. Tilsner, T. Wienold, B. Windelband, S. Yurevih
Universitat Heidelberg, Germany
J. P. Wessels
Universitat Munster, Germany
A. Cherlin, Z. Fraenkel, I. Ravinovih, I. Tserruya
Weizmann Institute, Rehovot, Israel
Thank
Finally I nished reading and orreting all these pages and arrive to the niest part.
Honestly, if this would have been a fantasy book instead of a thesis I would have
hosen Ana as hero. I would even dare to say that these pages would not exist without
her support. What a luk that I am sitting just right in the oÆe next to hers, so that I
an easily bother her with millions and millions of questions!
The next person on my list is Harry, my former oÆe olleague and now professor in
Frankfurt. He was an exellent supervisor during the time of the alibration of the TPC,
and even agreed to ontinue the disussion after he had left to Frankfurt. That triggered
a lot of progress in my analysis.
Not forgetting about Prof. Johanna Stahel, my boss. She gave me a lot of support
and sent me around the world to attend many interesting onferenes. I learned plenty
of physis in these years of PhD!
From the CERES people of GSI I send speial thank to Dariusz for all the wise
e-mail advises. Also Gejdar Agakihiev and Christoph Blume ontributed onsiderably
to this work by providing me with helpful information about vertex t algorithms or the
alulation of upper limits.
I thank David, my present oÆe olleague from ALICE, for diagnosing all omputer
entrapments, for suggesting every seond day to go to the inema, and for just being
there. Not forgetting about Tarik, also from ALICE. Sine he left, my rate of going to the
pub dereased dramatially! I thank Rainer Shiker and Kurt Traxel for passing from
time to time my oÆe and remembering me how nie it is to talk about everything and
nothing at the same time.
A huge thank goes to Rolf for listening to my physis problems, often till midnight,
while drinking glass after glass of wine together. Amazingly, this resulted every single
time in a solution!
I thank my sister Turid and my parents for believing so strongly in me. My best
friend Niole deserves a thank for just being my best friend, traveling around together
and planing nonsense for the future. A lot of thank goes to my musi band, the best
voalist Jens, the best guitarist Ross, and the best drummer Belle, for just preventing me
from time to time to onentrate on physis.
And a thank to www.leo.org for providing me with suh marvelous translations from
German to English language. Unfortunately, non of these expressions did survive my
orretors.
